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Introduction  and  Summary 


A  unique  iodine  vapor  hypersonic  flow  facility  for  the  study  of  nonequilibrium  reacting  flows 
has  been  developed  and  used  in  initial  experiments.  An  important  new  computationally 
efficient  theoretical  approach  to  describing  the  energy  exchange  of  iodine  and  other  mole¬ 
cules  during  collisions  has  been  formulated  and  applied  to  iodine.  The  transport  properties 
of  dissociating  diatomic  molecules  have  been  studied  and  a  potentially  very  significant  phe¬ 
nomena  appearing  when  a  gas  is  partially  dissociated  has  been  identified.  A  Ph.D.  thesis 
has  been  completed  on  experiments  with  the  iodine  flow  facility.  Several  journal  articles  and 
meeting  papers  on  both  the  experimental  and  theoretical  work  have  been  prepared.  A  sec¬ 
ond  Ph.D.  thesis  is  nearly  complete  on  the  design  of  parallel  flow  nozzles  for  nonequilibrium 
dissociating,  vibrationally  active  iodine  flows. 

Experiment:  Iodine  Hypersonic  Wind  Tunnel 

A  pilot  scale  iodine  hypersonic  wind  tunnel  has  been  operated  for  about  2  years  (Attachments 
1,  2).  It  was  used  to  test  the  iodine  flow  cycle  and  as  a  means  for  developing  diagnostic 
techniques  for  a  larger  scale  iodine  flow  facility.  Bcised  on  this  information  a  large  scale  flow 
facility  (described  in  Attachments  1,  2)  has  been  designed  and  largely  constructed.  The 
diagnostics  development  work  has  been  done  in  the  pilot  scale  facility  and  is  described  in 
great  detail  in  Attachment  3. 

The  large  scale  tunnel  still  remains  to  be  completely  assembled.  It  is  necessary  to  coat 
the  stainless  stell  shell  and  condenser  section  with  an  iodine  resistant  material.  Originally 
we  had  planned  to  do  this  with  teflon  as  in  the  pilot  tunnel.  However,  some  problems 
in  the  pilot  tunnel  associated  with  penetration  of  the  teflon  coat  wer^  experienced  and  it 
was  decided  to  look  for  alternatives.  Unfortunately  the  alternatives  were  very  expensive. 
However  we  did  find  an  inexpensive  potential  solution,  which  was  to  apply  boron  nitride  to 
the  surfaces.  This  coating  comes  in  the  form  of  a  paint  with  a  cost  of  about  $100/gallon. 
We  have  now  completed  3  months  testing  of  this  coating  in  an  iodine  atmosphere  at  an 
elevated  temperature.  It  performs  very  well.  Also,  it  has  the  admirable  property  of  being 
easily  repaired.  We  are  now  in  a  position  to  complete  the  cissembly  of  the  full-scale  facility. 

Theoretical  Studies  of  Transport  Properties  and  Energy  Exchange 

New,  efficient  methods  have  been  developed  for  obtaining  intermolecular  potentials  of  di¬ 
atomic  molecules.  Novel  issues  concerning  transport  properties  of  high  temperature  gases 
have  been  investigated. 

Original  studies  of  the  transport  properties  of  high  temperature  dissociating  gases  have 
been  developed  (Attachments  4,  5,  6).  Very  important  work  has  been  done  on  developing 
computationally  efficient  methods  for  obtaining  the  energy  exchange  in  collisions  between 
diatomic  molecules  (Attachment  8). 
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Navier-Stokes  Studies  of  Vibrationally  Relaxing,  Dissociating  Iodine 

Work  is  nearing  completion  (Ph.D.  thesis)  on  calculating  Rows  of  vibrationally  relaxing, 
dissociating  flows  of  iodine  vapor.  Several  vibrational  relaxation  models  are  included.  The 
first  application  of  this  development  will  be  to  the  design  of  an  iodine  parallel  flow  hypersonic 
nozzle.  The  thesis  should  be  available  in  about  6  months.  This  work  is  being  done  by  M. 
Bradley  and  has  been  fully  supported  by  his  company. 

Other  Flow  Studies 

The  experimental  results  obtained  by  G.  Pham  Van  Diep  (Attachment  3)  have  recently  been 
used  to  compare  to  Monte  Carlo  simulations.  These  studies  are  included  here  as  Attachments 
8  and  9. 
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ATTACHMENT  1 


A  Code  Validation  Strategy  and  Facility  for  Nonequilibrium,  Reacting  Flows 

E.  P.  Muntz,*  G.  Pham  Van  Diep,^  M.  K.  Bradley,^  D.  A.  Erwin, and  J.  A.  Kune* 

University  of  Southern  California 
Los  Angeles,  California  90089-1191 
(213)  740-5366 

Introduction 

The  availability  of  powerful  computers  and  efficient  algorithms  with  the  prospect  for  con- 
tinning  rapid  progress  in  both  of  these  area^*’*^  presents  new  opportunities  for  experimental 
research.  However,  a  careful  re-thinking  of  old  truths  is  necessary.  Consider  the  case  of  hy¬ 
pervelocity  air  flows.  Chemical  nonequilibrium  is  a  dominant  feature  of  the  flight  of  slender 
vehicles  (air-breathing  or  otherwise)  in  the  air-breathing  flight  corridor  and  for  all  higher 
altitude  trajectories.  The  development  of  nonequilibrium  numerical  simulations  based  on 
the  Navier-Stokes  equations  or  Monte-Carlo  techniques  has  stimulated  attempts  to  establish 
their  detailed  validity  in  gas  flows  for  a  wide  range  of  nonequilibrium  conditions.  There  is 
a  need  to  do  this  because  the  kinetic  models  required  by  the  simulation  are  complex  and 
difficult.  Two  principal  reasons  are  at  the  root  of  this:  1)  the  number  of  atomic  and  molec¬ 
ular  processes  taking  place  in  the  gas  is  large,  and  2)  the  collision  strengths  and  transition 
probabilities  for  many  of  the  rotational-vibrational-electronic  transitions  in  molecules  (even 
the  simplest  ones)  are  either  inaccurate  or  unknown.  Approximations  are  required  to  include 
kinetic  models  in  numerical  simulations  both  for  reasons  of  computer  limitations  and  due  to  a 
lack  of  physical  knowledge.  The  first  limit  will  recede,  although  it  is  not  expected  to  entirely 
disappear  even  with  the  next  generation  of  massively  parallel  computing  machines  (teraflop 
machines).  However  the  progress  in  machines  and  techniques  only  exposes  weaknesses  in  our 
physical  understanding. 

Nonequilibrium,  high  temperature  air  flows  can  currently  be  simulated  but  with  far  more 
approximations  and  simplifications  than  is  generally  appreciated,  a  situation  that  will  remain 
with  us  for  some  time.  In  view  of  the  large  user  community  for  hypervelocity,  nonequilibrium 
flow  simulations  it  seems  reasonable  to  suggest  that  detailed  experimental  validations  of  the 
simulations  should  be  a  top  priority.  This  is  where  re-thinking  old  truths  becomes  important. 

There  are  two  approaches  to  validation.  Both  rely  on  using  the  numerical  simulations  in 
a  laboratory  setting  to  predict  l?,boratory  nonequilibrium  flows  and  subsequently  comparing 
experiments  to  the  simulations.  It  is  quite  clear  that  we  are  a  long  way  from  truly  exper¬ 
imentally  duplicating  hypervelocity  flow  over  large,  air-breathing  flight  vehicles;  but  with 
careful  validations  we  can  afford  not  to  worry  too  much  about  ground  experimental  duplica- 
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tions  and  go  directly  from  validated  numerical  simulations  to  vehicle  design  and  flight  test. 
The  trick  is  how  to  accomplish  the  validations.  Generating  high  enthalpy,  hypersonic  air 
flows  is  a  difficult  task.  High  pressure,  high  enthalpy  arc  tunnels  and  shock  tunnels  (either 
conventional  or  piston  driven  for  brief  description  see  discussion  in  Ref.  3)  are  the  two  most 
po[)ular  choices.  What  is  required  is  that  the  experimental  conditions  exercise  the  chemistry, 
surface  interactions,  molecular  transport  properties  and  hypervelocity  flow  properties  that 
will  be  used  in  the  design  of  the  flight  vehicles;  although  it  has  to  be  a.ssumed  that  this 
need  not  all  be  done  in  one  experiment  or  you  end  up  with  something  approaching  complete 
duplication.  The  facility  of  choice  for  hypervelocity  nonequilibrium  llowfields  is  at  this  time 
the  shock  tunnel. 

The  difficulty  with  high  performance  shock  tunnels  is  that  they  produce  test  times  of  at 
most  a  few  milliseconds.  Numerous  measurements  are  necessary  to  really  validate  nonequi¬ 
librium  hypervelocity  flow  simulations  such  as  concentration  of  O2,  0,  NO,  N2,  N,  OH, 
NO"^  and  other  ions,  e~  as  well  as  vibrational  and  rotational  state  population  distributions, 
translational  temperature  and  flow  velocity.  Most  of  these  require  non-intrusive  optical  mea¬ 
surements.  For  molecules,  in  order  to  obtain  concentrations  from  optical  measurements  in 
high  temperature  flows  both  vibrational  and  rotational  population  distribution  are  necessary. 
In  nonequilibrium  flows  the  vibration  in  many  cases  will  have  a  non-Boltzmann  distribution, 
so  that  a  number  of  vibrational  levels  have  to  be  probed  individually.  Either  many  “simul¬ 
taneous"  laser  wavelengths  (on  order  of  all  wavelengths  scanned  in  say  1  ms)  or  multiple 
shock  tunnel  facility  runs  are  required.  Neither  alternative  is  attractive.  It  is  accordingly  of 
some  interest  to  consider  alternatives  or  rather  complementary  approaches. 

Many  of  the  uncertainties  in  the  numerical  simulation  are  related  to  the  adequacy  of 
physical  modeling,  for  instance  recipes  are  used  to  account  for  vibrational  nonequilibrium  in 
adjusting  chemical  reaction  rates.  Another  example  is  the  method  by  which  the  transport 
properties  of  nonequilibrium  gases  are  found.  These  and  similar  questions  can  be  investigated 
in  a  computationally-rich  environment  using  surrogate  gases;  not  as  a  tool  for  the  simulation 
of  gases  of  direct  technological  interest,  but  as  a  convenient  test  bed  for  detailed  physical 
descriptions  of  specific  kinetic  processes  coupled  with  flow  phenomena. 

It  has  been  shown^  that  iodine  (I2)  is  a  suitable  surrogate  diatomic  gas  to  use  in  the¬ 
oretical  studies  of  chemical  nonequilibrium  that  account  for  rotational  and  vibrational  as 
well  as  electronic  processes  in  a  gas.  Because  of  the  low  temperature  at  which  significant 
dissociation  can  be  achieved  in  iodine,  it  is  a  particularly  attractive  candidate  for  the  study 
of  relatively  low  temperature  chemically  reacting  flows;  permitting  detailed  knowledge  of 
the  nonequilibrium  populations  of  translational,  rotational,  vibrational  and  electronic  en¬ 
ergy  levels.  A  pilot  iodine  facility  has  been  constructed  (Figure  1)  and  operated  repeatedly 
for  twelve  months.  A  full  scale  facility  has  been  designed  and  is  under  construction.  Both 
the  operating  characteristics  of  the  pilot  facility  and  nonequilibrium  flow  predictions  for  the 
full  scale  facility  will  be  presented.  Candidate  diagnostic  techniques  are  reviewed  and  initial 
LIF  results  that  have  been  obtained  in  the  pilot  facility  presented. 
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Species 

Temperature  (K) 

(e)  (eV) 

A£„  (eV) 

i^Ev)/{e) 

I2 

1340 

0.17 

0.026 

0.15 

No 

5400 

0.69 

MiTFTTW 

0.42 

O2 

3530 

0.45 

0.195 

0.43 

Table  1:  Thermal  equilibrium  properties  of  I2,  N2,  and  O2  for  a  degree  of  dissociation  of  50% 
and  pressure  of  200  torr  (after  Kune  et  ai.  1990). 

1  Iodine  as  a  Surrogate  Gas 
1.1  Attributes 

During  the  flight  of  transatmospheric  vehicles  such  as  the  NASP  or  the  STS  orbiter,  the 
temperatures  encountered  behind  a  normal  shock  at  an  altitude  of  approximately  50  km  are 
typically  4000  K  for  a  speed  of  4  km  sec~'.  At  this  altitude,  the  pressure  is  1  torr  and  the 
most  abundant  species  are  molecular  oxygen  and  molecular  nitrogen.  The  Mach  number  is 
approximately  12,  resulting  in  a  pressure  behind  the  shock  of  about  200  torr.  Table  1  shows 
a  comparison  of  the  temperature  required  to  produce  50%  dissociation  in  iodine,  nitrogen 
and  oxygen.  Also  shown  in  Table  1  are  the  ratios  of  the  vibrational  energy  spacing  to 
the  average  kinetic  energy  (e)  =  {3/2)kT.  While  50%  dissociation  in  nitrogen  and  oxygen  is 
achieved  at  temperatures  of  about  3500  and  5400  K,  the  same  degree  of  dissociation  can  be 
produced  by  heating  iodine  to  approximately  1300  K.  The  ratio  {AEv)/{e)  is  an  indication 
of  how  close  the  average  kinetic  energy  of  the  molecules  are  to  the  internal  vibrational  energy 
spacing.  For  all  three  gases,  (e)  is  larger  than  the  energy  required  to  excite  the  molecules 
to  upper  vibrational  levels  resulting  in  significant  population  of  the  vibrational  levels.  The 
ratios  (AEy)/{e)  vary  by  up  to  a  factor  of  3.  Since  the  value  of  {AEv)/{t)  is  smaller  for 
iodine,  it  is  expected  that  its  higher  vibrational  states  will  be  somewhat  more  populated  than 
the  corresponding  vibrational  states  in  nitrogen  or  oxygen.  Because  rotational,  vibrational 
and  dissociative  excitation  of  the  iodine  molecule  can  be  achieved  at  lower  temperatures 
than  for  oxygen  or  nitrogen,  iodine  will  be  used  as  a  convenient  surrogate  diatomic  gas  for 
the  study  of  chemically  reacting  gas  flows. 

The  three  lowest  electronic  levels  of  the  I2  molecule  are  taken  as  the  ground  state  X  , 
the  metastable  state  B  ^Ilu  and  the  D  state  energies  of  the  excited  states  equal  to  1.95 
and  5.9  eV,  respectively.^  There  is  also  a  possibility  of  existence  of  another  state  (A  ^Hiu) 
with  energy  close  to  the  energy  of  the  B  state.  In  addition,  a  couple  of  repulsive  molecular 
states  exist  with  energies  between  2  and  5  eV. 

The  six  lowest  electronic  levels  of  the  O2  molecule  are:  X  ^Ej  and  the  metastable  states 
a  ‘Aj,  b  *E^,  c  ^E“,  A  ^E„  and  B  ^E“,  with  energies  0.98  eV,  1.64  eV,  4.10  eV,  4.39  eV 
and  6.17  eV,  respectively.^ 

Since  the  dissociation  energy  of  the  I2  molecule  is  relatively  small,  only  one  excited 
electronic  level  needs  to  be  considered  in  kinetic  models  of  nonequilibrium  in  iodine  within  the 
temperature  range  considered  here  (however,  one  should  keep  in  mind  uncertainty  associated 
with  the  A  ^fliu  state.  In  the  case  of  O2,  3  or  4  electronic  levels  must  be  taken  into  account 
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in  kinetic  considerations.  In  summary,  one  can  assume  that  there  are  only  two  ‘"active" 
molecular  electronic  levels  in  hot  iodine.  This  assumption  allows  one  to  reduce  the  comple.xity 
ot  the  kinetic  models  by  taking  into  account  only  the  molecular  processes  involving  the 
ground  and  the  first  electronic  levels  of  the  I2  molecule.  The  fact  that  there  is  only  one 
elct  ionic  e.xcited  state  in  the  molecule  below  the  molecular  dissociation  energy,  eliminates 
most  of  the  difficulties  (the  potential  curve  crossings,  predissociation,  etc.)  occurring  in 
evaluation  and  interpretation  of  the  rate  coefficients  for  collisions  involving  electronically 
e.xcited  molecules. 

1.2  Safety  issues 

Iodine  has  been  used  in  a  wide  variety  of  studies.  A  few  examples  are;  fundamental  spec¬ 
troscopic  research,^'"  investigation  of  laser  induced  processes,®  visualization  and  probing  of 
supersonic  flows. In  these  studies,  iodine  was  either  confined  in  a  static  cell  or  used 
in  trace  amounts  to  seed  a  flowing  carrier  gas.  usually  nitrogen.  In  either  case  the  amounts 
ot  iodine  involved  were  of  the  order  of  tens  of  grams  at  most.  In  contrast,  the  work  described 
in  this  paper  uses  quantities  of  iodine  ranging  from  500  g  to  30  kg.  For  this  reason  w'e  gave 
serious  consideration  to  the  corrosive  and  toxic  nature  of  iodine  while  designing  the  facility. 

The  iodine  molecule  will  react  with  most  metals,  the  reaction  rate  depends  on  the  con¬ 
centration  of  iodine  in  contact  with  the  metal.  Metals  such  as  aluminum  and  stainless  steel 
(SS30-1)  are  clearly  inadequate  even  at  room  temperature  where  the  iodine  vapor  pressure 
is  approximately  0.2  Torr.  Aluminum  reacts  to  iodine  by  forming  a  large  quantity  of  a  light 
powdery  substance  which  subsequently  delays  further  reaction  and  can  seriously  contami¬ 
nate  the  pumping  system.  It  was  found  that  the  higher  the  content  in  nickel,  chromium  and 
molybdenum,  the  better  the  metal  resists  iodine  corrosion.  Stainless  steel  (SS316)  offers  a 
mild  resistance  to  iodine  attack  at  room  temperature  but  cannot  be  used  at  higher  tempera¬ 
ture.  Hastelloy  (C2761,  a  nickel  alloy,  was  found  to  be  the  only  commercially  available  metal 
that  would  not  significantly  corrode  for  temperatures  up  to  1000  K.  Other  non-metallic  sub¬ 
stances  such  as  Pyrex,  ceramics  (aluminum-oxides)  and  Teflon  seem  to  be  excellent  for  use 
in  an  iodine  environment.  For  this  reason,  parts  that  would  ordinarily  corrode  can  either  be 
Teflon  coated  or  anodized.  Inert  greases  for  seals  and  chemically  stable  pump  lubricants  are 
critical  for  the  vacuum  integrity  of  the  experiment  as  well  as  the  longevity  of  the  pumping 
system.  Kiytox  oils  and  gre2Lses  have  performed  fairly  well,  until  now  they  have  shown  very 
few  signs  of  reaction  with  iodine. 

When  inhaled,  iodine  may  cause  eye,  nose,  throat  and  respiratory  tract  irritation.  If 
exposure  is  repeated,  bronchitis,  skin  rashes,  loss  of  appetite  and  sleep  may  result.  Dis¬ 
continuation  of  exposure  is  necessary  to  recover  from  ill  eff’ects.  The  maximum  accepted 
concentration  is  0.1  ppm,  which  corresponds  to  1  mg/m^  at  standard  atmospheric  condi¬ 
tions.  Reported  lethal  doses  lie  between  a  few  tenths  of  a  gram  to  more  than  20  grams.  For 
the  work  described  in  this  paper,  the  quantities  of  iodine  used  are  of  the  order  of  kilograms 
at  pressures  above  atmospheric,  it  is  therefore  absolutely  necessary  that  leaks  will  only  be 
into  the  facility  and  that  satisfactory  fail-safe  features  are  designed  in  place. 
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2  Pilot  Tunnel  Construction  and  Performance 


2.1  Operational  procedure 

The  pilot  scale  hypersonic  wind  tunnel  was  conceived  so  that  the  methods  proposed  for 
handling  iodine  in  the  full  scale  facility  could  be  dealt  with  in  the  pilot  facility  on  a  scale 
that  would  allow  easy  modifications  should  design-related  failure  occur.  The  corrosive  and 
toxic  nature  of  iodine  as  well  as  the  wide  temperature  range  encountered  in  different  parts  of 
the  facility  were  the  main  design  considerations.  Figure  1  shows  a  schematic  of  the  vertically 
mounted  prototype  wind  tunnel.  The  facility  operates  intermittently  in  a  closed  cycle. 

The  phase  diagram  for  iodine  is  presented  in  Figure  2,  with  the  facility  cycle  superim¬ 
posed.  During  the  run  phase  the  boiler  is  maintained  at  a  temperature  that  provides  the 
desired  stagnation  pressure.  The  saturated  iodine  vapor  from  the  boiler  flows  to  the  stagna¬ 
tion  chamber  when  valve  Vi  is  opened,  where  it  is  superheated  to  the  stagnation  temperature, 
fhe  high  temperature  iodine  in  the  stagnation  chamber  expands  through  a  sonic  orifice  and 
into  a  vacuum  chamber  where  optical  diagnostics  can  be  performed.  A  nozzle  expansion  is 
not  used  in  the  pilot  scale  tunnel.  The  iodine  flow  is  pumped  using  condensation  pumping 
onto  two  cold  traps. 

'Fhe  second  phase  of  operation  consists  of  recycling  the  iodine  from  the  cold  traps  used  to 
condense  the  working  gas  during  the  run  pha^e  to  the  supply  chamber  (boiler).  Recirculation 
is  achieved  by  the  vapor  pressure  differential  between  the  heated  cold  traps  and  the  facility’s 
heated  vacuum  envelope,  and  the  cooled  boiler.  The  run  time  of  the  pilot  wind  tunnel  is 
about  20  minutes  while  the  recycling  period  is  of  the  order  of  1  hour.  For  an  orifice  diameter 
of  0.5  mm,  a  stagnation  temperature  of  1,000  K  and  a  stagnation  pressure  of  1  atm.,  the 
mass  flow  rate  is  approximately  0.1  g/sec.  The  same  mass  flow  may  be  obtained  with  an 
orifice  diameter  of  2  mm,  a  stagnation  temperature  of  700  K  and  pressure  of  200  torr. 

2.2  Flow  visualization  and  run  time 

The  flow  can  be  probed  in  regions  where  the  Mach  number  ranges  from  about  5  to  30.  Figure 
3  a)  and  b)  show  photographs  of  a  free  jet  expansion  of  iodine  for  a  background  pressure  of 
lO"*’  Torr  and  0.1  Torr  respectively.  Figure  4  shows  a  photograph  of  the  flowfield  around 
the  flat  end  of  a  silicone  carbide  cylinder  placed  in  the  iodine  jet.  In  these  photographs 
the  bright  areas  represent  fluorescence  obtained  by  excitation  with  the  5145  A  line  of  an 
.Ar"*"  laser.  The  areas  downstream  of  the  normal  shock  waves  in  the  visualizations  appear 
darker  because  of  temperature  effects  on  the  populations  of  the  particular  rotational  lines  in 
resonance  with  the  laser  frequency.  A  normal  shock  is  visible  both  in  the  case  of  a  free  jet 
in  a  high  background  pressure  (Figure  3b)  and  upstream  of  the  blunt  body  at  a  stand-off 
distance  of  approximately  2  mm. 

Figure  5  shows  a  time  trace  of  the  fluorescence  emitted  from  a  point  located  approx¬ 
imately  25  orifice  diameters  downstream  of  exit  plane.  The  sonic  orifice  diameter  was  2 
mm,  the  stagnation  temperature  and  pressure  were  700  K  and  200  Torr  respectively.  For 
this  measurement,  the  5145  A  line  of  the  Ar"^  laser  was  used  to  excite  the  (J'f('S^)O" — 
/7(^no^)  43')  P13  and  R15  transitions  of  the  iodine  molecule.  Figure  6  shows  a  top  view 
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of  the  experiment.  The  .A.r'*'  laser  is  not  represented  but  was  placed  parallel  to  the  dye 
laser.  Fluorescence  was  observed  at  5260.25  A  with  a  SPEX  0.75  m  double  spectrometer 
and  UC.A  C31034A02  photomult. plier.  'Fhe  spectrometer  slits  were  adjusted  so  that  the 
spectral  ix'solution  was  about  0.4  A.  d'he  la.scr  beam  was  focused  with  a  25  cm  focal  length 
lens  and  aimed  hori/tontally  through  the  center  of  the  plume  at  a  position  sufficiently  far 
downstrt'am  of  the  orifice  exit  plane  to  avoid  any  quenching  effects.  Indeed,  at  a  position 
25  oritices  diameters  downstream  of  the  exit  plane,  the  number  density  drops  by  4  orders  of 
magnitude  from  stagnation  conditions,^''  thus  significantly  reducing  collisional  deexcitation 
of  molecules  in  the  upper  state.  The  image  of  the  horizontal  column  of  fluorescence  emit¬ 
ted  from  the  plume  was  rotated  90°  so  that  it  aligned  with  the  spectrometer  entrance  slit. 
Consequently,  the  signal  observed  in  Figure  5  was  integrated  radially  over  a  distance  in  the 
plume  of  approximately  1.5  cm.  Figure  5  shows  a  sudden  drop  in  signal  intensity  during  a 
[leriod  of  abou^  2  minutes  before  the  flow  conditions  become  steady.  This  is  caused  by  the 
rapid  energy  loss  from  the  pool  of  liquid  iodine  in  the  boiler  due  to  the  net  vaporization 
of  I)  to  make  up  for  the  iodine  flow'ing  through  the  orifice  when  the  flow  is  initiated.  The 
resulting  thermal  load  on  the  boiler  could  not  be  compensated  by  the  boiler  heater,  which  in 
this  case  w’as  a  simple  ceramic  oven  heater  surrounding  the  boiler  but  not  in  direct  contact 
with  it.  This  arrangement  resulted  in  only  a  moderate  control  over  the  boiler  temperature  of 
±5  K  because  of  the  slow  response  time  of  the  system.  The  drop  in  intensity  seen  in  Figure 
5  corresponds  to  a  drop  in  temperature  of  about  6  K.  A  recirculating  hot  oil  bath  heater 
system  was  subsequently  used  and  resulted  in  an  improved  but  still  insufficient  temperature 
control  to  within  ±3  I\.  It  is  critical  that  the  boiler  temperature  be  controlled  accurately 
because  at  457  K,  where  the  iodine  vapor  pressure  is  one  atmosphere,  a  drop  of  5  K  cor¬ 
responds  in  a  stagnation  pressure  decrease  of  60  to  70  Torr.  Under  the  present  conditions, 
Figure  5  indicates  that  a  qucisi-steady  flow  can  be  obtained  for  run  times  of  the  about  of 
20  minutes.  More  care  in  the  design  of  the  full  system  should  produce  satisfactorily  steady 
stagnation  conditions. 

W'hen  all  the  iodine  supply  contained  in  the  boiler  has  been  used,  most  of  the  working  gas 
is  in  principle  frozen  on  the  cold  traps.  At  this  stage,  recycling  of  the  iodine  can  be  performed; 
the  gate  valve  is  closed  to  protect  the  pumping  units,  hot  air  is  blown  through  the  cold  traps 
so  that  the  frozen  iodine  sublimates  (Ref.  Figure  2),  V2  (Ref.  Figure  1)  is  opened  and  the 
builer  walls  are  now  cooled  to  LN2  temperature.  When  the  iodine  evaporates,  it  flows  through 
the  return  duct  and  freezes  on  the  boiler  walls.  During  the  recycle  phase,  it  is  important  that 
the  pressure  remains  low  enough  to  allow  flow  of  the  iodine.  Since  the  pumping  system  is  at 
this  point  isolated  from  the  chamber,  it  is  critical  that  the  leak  rate  of  the  chamber  is  reduced 
to  a  minimum.  With  a  return  duct  diameter  of  cm  calculations  assuming  an  incompressible 
Poiseuille  flow  within  the  return  duct  indicate  that  the  recirculation  time  should  be  of  the 
order  of  a  few  minutes.  The  mass  flow  rate  through  the  recycling  duct  is  described  by'^ 

Tra"*  m 

^  ^  ■  T  ■ 

where  a,  /,  rn  and  ;/  are  tlie  radius,  length  of  the  tube,  the  mass  of  the  iodine  molecules  and 
the  viscosity  of  the  iodine  vapor  respectively.  P  and  T  are  the  pressure  and  temperature 
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taken  as  2  torr  and  323  K  respectively.  A  value  of  14  x  10”®  N  sec  m”^  was  selected  for  the 
viscosity^*^  at  323  K.  In  practice,  we  obtain  recirculation  times  less  than  about  30  min. 

In  order  for  the  recirculation  process  to  be  efficient  it  is  impoitant  that  all  parts  of  the 
lest  st'ction  be  heated  to  the  temperature  corresponding  to  the  vapor  pressure  necessary  to 
di'ivt'  the  iodine  to  the  boiler.  For  this  purpose,  a  plexiglas  shroud  was  buiit  around  the 
('iitire  facility  and  a  -a  k\V  heater  is  used  to  blow  hot  air  around  it  (Ref.  Figure  1).  If  the  test 
facility  is  iionunifornily  heated  iodine  will  condense  on  its  coldest  surfaces,  thus  delaying  the 
recirculation  process.  Figure  7  shows  a  photograph  of  an  optical  port  which  was  colder  than 
the  rest  of  the  test  section  due  to  a  hot  air  leak  through  the  shroud.  As  the  iodine  crystals 
of  the  photograph  show,  the  cryopumping  of  iodine  is  a  rather  efficient  process  even  through 
temperature  gradients  of  a  few  degrees. 

.•\  subtle  but  important  issue  concerning  recirculation  deals  with  the  accumulation  of 
iucoruiensibles  in  the  boiler.  As  the  iodine  vapor  condenses  on  the  boiler  walls,  incondensibles 
( (irrii'd  with  it  are  separated  from  the  I2  molecules  and  over  time  build  up  pressure  within 
the  boiler,  which  in  turn  slows  further  flow  of  iodine  from  the  test  section.  Venting  of  the 
iucondensibles  during  the  recirculation  phase  is  therefore  necessary.  This  was  achieved  either 
by  opening  Vi  (Ref.  Figure  1)  during  recirculation,  or  actively  pumping  on  the  downstream 
side  of  the  boiler  using  a  bypass  line  to  the  main  pumping  system.  Related  phenomena  are 
relatively  well  known  effects  to  users  of  f  aid  trapped  Macleod  gages,  it  was  also  used  by  one 
of  us  (E.P.M.,  who  also  forgot  about  it  until  we  had  trouble  recirculating)  to  enhance  the 

1  7  1  >4 

operation  of  an  isotope  separation  system.  ’ 

3  Nozzle  Flow  Calculations 

'file  reason  for  developing  an  iodine  vapor  wind  tunnel  is  to  study  nonequilibrium,  reacting 
flows.  In  order  to  verify  that  flows  generated  at  nominal  stagnation  conditions  of  1500  K 
and  10  atm.  will  provide  situations  where  finite  rate  chemistry  effects  can  be  observed, 
selected  nozzle  and  shock  wave  calculations  have  been  completed.  The  nozzle  throat  used 
in  the  calculation  is  shown  in  Figure  8.  It  follows  previous  nozzle  designs  reported  by  a 
number  of  authors. The  conical  section  marks  the  transition  to  the  downstream  portion 
of  a  hypersonic  nozzle  where  the  flow  is  turned  to  be  approximately  parallel  at  the  nozzle 
exit.  Nozzle  contours  for  this  downstream  section  have  been  investigated.  For  a  conical 
nozzle  formed  as  an  extension  of  the  12°  half  angle  expansion  in  Figure  8,  a  finite  rate 
chemistry,  inviscid  flow  solution  was  calculated  using  a  One  Dimensional  Kinetics  (ODK) 
computer  program^®  based  on  the  forward  reaction  rate  constant^^  shown  in  Table  2.  These 
computations  resulted  in  the  Mach  number,  pressure,  temperature  and  degree  of  dissociation 
shown  in  Figures  9a-d.  Also  shown  in  the  Figure  9c  are  frozen  and  equilibrium  temperatures 
for  the  same  nozzle.  Note  that  the  flow  is  fairly  close  to  equilibrium  leaving  only  about  a 
5%  degree  of  dissociation  in  the  free  stream  at  the  nozzle  exit. 

The  calculations  were  performed  for  a  nozzle  geometry  and  flow  conditions  summarized 
in  Table  3. 

For  the  same  nozzle  the  sensitivity  of  the  results  to  stagnation  pressure  was  investigated 
for  pressures  of  20  and  2  atm.  The  results  are  shown  in  Fig.  10  for  the  I2  mole  fraction  during 
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Reaction 

I2  +  I2  — ►  I  -b  I  4-  I2 

Rate 

1.09- 

Temperature  range 

(K)  300  <  T  <  2000 

Units 

cm^  mol~^  sec“^ 

Fable  2:  Reaction  rate  used  in  ODK  compurations. 


Working  Gas 

I2 

Stagnation  pressure  (atm) 

10 

Stagnation  temperature  (K) 

1500 

Downstream  pressure  (torr) 

0.1 

Throat  radius  mm) 

1.778 

Nozzle  exit  radius  (cm) 

10.16 

Area  Ratio 

3265.3 

Table  3:  OKD  calculation  parameters. 


the  expansion.  Similarly  vibrational  relaxations  were  investigated  in  a  preliminary  way  by 
using  a  simple  relaxation  time  model  for  vibrational  energy.  The  results  of  the  calculation 
for  these  stagnation  pressures  at  Tq  —  1500  K  are  shown  in  Fig.  11.  Notice  in  both  Figs.  10 
and  11  that  po  =  10  atm  provides  a  reasonable  approach  to  an  equilibrium  free  stream. 
■A  related  issue,  possible  condensation  in  the  free  stream  has  been  addressed  in  a  previous 
paper. 

Will  there  be  active  chemistry  in  the  flow  field  at  the  nozzle  exit  conditions?  To  investi¬ 
gate  this  issue,  a  normal  shock  holder  was  assumed  to  be  placed  in  the  flow.  For  a  frozen  flow 
across  the  momentum  shock,  finite  rate  chemistry  calculations  were  completed  as  a  function 
of  distance  behind  the  shock  front.  The  results  are  shown  in  Figure  12  where  a  relaxation 
distance  of  a  centimeter  is  required  for  the  degree  of  dissociation  to  come  to  equilibrium. 
This  would  be  an  ideal  distance  for  measurements  of  the  details  of  this  relaxing,  dissociating 
How. 

.A  two-dimensional  finite  rate  chemistry  method  of  characteristics  computer  code  was 
used  to  calculate  the  iodine  flow  for  candidate  nozzle  shapes.  This  code,  the  TDK  code, 
is  described  and  is  well  suited  to  rapid  calculation  of  chemically  reacting  nozzle  flows.  The 
TDK  code  also  includes  a  routine  to  calculate  a  laminar  or  turbulent  boundary  layer  during  a 
normal  run  using  the  BLM  boundary  layer  code.  TDK  can  optionally  be  rerun  with  the  wall 
displaced  to  account  for  boundary  layer  displacement  thickness.  Two-dimensional  inviscid 
and  boundary  layer  analysis  are  described  in  this  section. 

Chamber  conditions  and  flow  chemistry  are  the  same  as  the  conditions  used  for  the  one¬ 
dimensional  analysis  reported  above.  The  same  design  area  ratio  was  also  used.  The  throat 
contour  specified  in  the  previous  section  was  used  as  a  starting  point.  Various  contours  were 
added  and  the  exit  flow  conditions  (Mach  number  and  flow  angle)  were  calculated. 

For  the  first  set  of  computer  runs,  a  cubic  polynomial  contour  was  used  to  connect  ot  the 
nozzle  exit  radius  (four  inches  which  produces  the  design  area  ratio)  as  indicated  in  Fig.  13. 
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Nozzle  lengths  of  24  through  48  inches  were  analyzed.  Results  are  shown  in  Figures  14  and 
15.  The  48  inch  nozzle  produced  the  most  uniform  Mach  number  profile,  although  the  40 
inch  nozzle  had  the  best  profile  from  a  flow  angularity  standpoint.  The  40  inch  nozzle  was 
chosen  for  further  parameteric  studies. 

■A  frozen  analysis  of  the  40  inch  nozzle  was  conducted.  The  frozen  calculation  produced 
a  much  higher  exit  Mach  number  with  considerably  more  distortion.  The  frozen  solution 
also  produced  much  lower  wall  pressures.  Because  frozen  chemistry  produces  significantly 
higher  .Mach  numbers,  with  shallower  Mach  angles,  a  longer  nozzle  is  necessary  to  produce 
the  same  exit  flow  quality. 

In  order  to  perform  the  boundary  layer  analysis,  a  wall  temperature  distribution  must 
be  assumed.  Constant  wall  temperatures  of  500  to  2500  degrees  R  were  analyzed  along  with 
an  adiabatic  wall,  and  a  nominal  wall  temperature  schedule  versus  length.  This  schedule 
has  a  2500  degree  R  wall  temperature  at  the  throat  and  a  500  degree  R  wall  temperature  at 
the  nozzle  exit  with  an  exponential  function  used  for  the  distribution.  A  detailed  thermal 
analysis  considering  conduction,  convection,  and  radiation  would  need  to  be  conducted  to 
accurately  determine  the  wall  temperature,  the  boundary  layer  code  was  run  for  these  wall 
temperature  cases  assuming  laminar  flow.  The  boundary  layer  displacement  thickness  at  the 
nozzle  exit  varies  significantly  with  assumed  wall  temperature.  A  constant  2500  degree  R 
wall  temperature  distribution  will  produce  a  1.9  inch  boundary  layer  displacement  thickness, 
which  is  nearly  fifty  percent  of  the  four  inch  exit  radius.  A  boundary  layer  that  thick  would 
certainly  invalidate  the  inviscid  plus  patched  boundary  layer  approach  being  used  in  this 
analysis.  The  impact  of  wall  cooling  can  be  determined  from  these  results.  Consulting  the 
vapor  pressure  curve  for  iodine  in  Ref.  a  500  degree  R  wall  temperature  should  be  sufficient 
to  prevent  condensation  of  iodine  on  the  wall  surfaces  and  produces  a  displacement  thickness 
of  0.6  in. 

The  Reynolds  number  for  the  nozzle  are  all  quite  low,  the  flow  is  expected  to  be  laminar 
as  the  Reynolds  numbers  based  on  displacement  and  momentum  thickness  are  well  below 
the  expected  transition  number  for  a  flat  plate. 

From  the  boundary  layer  code  (BLM),  the  displacement  thickness  can  be  used  to  adjust 
the  nozzle  contour  and  the  inviscid  analysis  can  be  repeated.  The  nozzle  exit  radius  was 
increased  to  4.65  inches  and  a  final  angle  of  0.8  degrees  (instead  of  0)  was  used  to  account  for 
boimdary  layer  growth,  the  invicid  analysis  was  conducted,  the  boundary  layer  displacement 
calculated,  the  original  contour  adjusted,  and  an  inviscid  analysis  conducted  on  the  adjusted 
contour. 

Changing  the  length  of  the  12  degree  straight  section  from  the  nominal  length  of  0.3  inch 
lo  zero  and  1.1  inches  was  investigated.  The  long  1.1  inch  straight  section  increased  exit 
cf'nlerline  .Mach  number  by  less  than  0.05  but  held  maximum  flow  angle  below  0.5  degrees. 

Varying  the  final  angle  of  the  nozzle  contour  from  the  nominal  value  of  0.8  degrees  was 
found  to  have  little  effect,  except  for  the  flow  angle  in  the  vicinity  of  the  wall. 

Several  runs  were  made  using  a  skewed  parabola  instead  of  a  cubic  description  for  the 
nozzle  contour.  This  did  not  imporve  the  profiles  over  the  cubic  contour  runs. 

Exit  profiles  for  the  “best”  analyzed  configurations  are  shown  in  Fig.  16.  The  “best”  40 
in  nozzle,  with  a  1.1  inch  straight  section,  a  4.65  inch  exit  radius,  and  a  0.8  degree  final  angle 
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with  a  cubic  contour  description.  This  contour  provides  an  exit  Mach  number  of  9.1  plus  or 
minus  0.5,  and  a  flow  angle  of  elss  than  0.5  degrees.  A  more  uniform  Mach  distribution  can 
be  obtained  by  lengthening  the  nozzle  to  48  in. 

4  Full  Scale  Tunnel  Design 

Figure  17  shows  a  schematic  of  the  full  scale  hypersonic  facility.  The  wind  tunnel  is  designed 
to  operate  on  50  kg  of  pure  iodine,  with  a  stagnation  temperature  of  1500  K  and  pressure  of 
10  atm.  The  flow  rate  will  be  about  20  g  sec“‘  for  a  total  run  time  of  a  little  over  30  minutes. 
The  hypersonic  flow  will  be  achieved  by  expanding  the  iodine  vapor  through  a  nozzle  into  a 
1  m  diameter  low  pressure  dump  tank.  The  open  jet  nozzle  will  have  a  throat  diameter  of 
3.4  mm  and  an  exit  diameter  of  about  20  cm.  Pumping  of  the  working  gas  during  the  run 
will  be  achieved  by  condensing  the  iodine  on  cryogenic  panels.  The  facility  will  operate  on 
the  same  basis  as  its  pilot  scale  counterpart  i.e.  in  a  closed  cycle  for  safety  reasons  and  on  an 
intermittent  basis.  During  the  recirculation  phase,  the  iodine  is  transfered  from  the  heated 
cryogenic  pump  panels  to  the  cooled  walls  of  the  boiler.  Mach  numbers  up  to  about  10  will 
be  achieved  at  the  nozzle  exit.  As  indicated  in  Figure  17  the  full  scale  tunnel  is  mounted 
vertically  with  the  test  section  featuring  multiple  optical  access  ports  about  3  meters  from 
the  floor. 

The  cycle  for  the  full  scale  tunnel  in  shown  in  Figure  18  superimposed  on  the  iodine 
phase  diagram.  Based  on  a  tunnel  envelope  temperature  of  450  K  the  pressure  driving  the 
recirculation  phase  will  be  about  300  torr.  The  recirculation  lines  to  the  boiler  will  have  a 
diameter  of  2.5  cm  and  a  length  of  2  m,  resulting  in  a  recirculation  time  that  theoretically 
should  be  a  few  seconds  for  a  recirculating  temperature  of  450  K.  Dropping  the  temperature 
to  370  K  reduces  the  pressure  to  about  30  Torr  and  increases  the  recirculation  time  by  two 
orders  of  magnitude.  This  would  permit  the  recycling  to  proceed  without  forming  liquid 
iodine.  A  hastelloy  catch  basin  is  incorporated  in  the  condensation  pump  to  hold  liquid 
iodine  during  recirculation. 

The  condensation  pump  is  designed  for  the  particular  application  to  the  iodine  tunnel. 
The  nozzle  exit  static  pressure  will  be  50  to  100  mtorr.  In  order  to  control  the  condensation 
pumping  at  these  rather  high  pressures  the  condensing  surfaces  have  been  arranged  as  shown 
in  Figure  19.  Panels  mounted  vertically  in  a  star  pattern  about  a  central  vertical  tube  are 
separated  from  the  pressure  required  for  balancing  the  nozzle  flow  by  a  cylindrical  surface 
containing  long  vertical  slits  about  7  mm  wide.  The  slits  are  positioned  at  the  mid  point 
of  the  outer  boundary  of  the  wedge  shaped  sections  formed  by  the  condensing  surfaces. 
Between  the  slotted  cylinder  and  the  pump’s  outer  vacuum  boundary  the  pressure  will  be 
close  to  the  nozzle  exit  pressure.  The  vertical  slots  form  continuum  two-dimension?d  jets 
that  expand  freely  into  the  wedge  shaped  spaces.  The  static  pressure  in  these  spaces  will  be 
<  10“^  torr.  From  the  work  on  2-D  jets  by  Dupeyrat^^  the  shock  systems  associated  with 
these  jets  should  be  about  30  cm  downstream  of  the  slits  in  this  particular  case  (7  mm  slits, 
pressure  ratio  of  100).  Thus  the  underexpanded  jets  will  impinge  directly  on  the  condensing 
surfaces,  both  enhancing  the  efficiency  of  the  surfaces  and  distributing  the  condensate  in  a 
more  uniform  manner. 
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5  Diagnostic  Considerations 


Significant  internal  energy  excitation  may  be  produced  by  heating  the  iodine  vapor  to  tem¬ 
peratures  ranging  from  1000  K  to  1500  K.^  For  this  reason,  we  have  chosen  as  an  initial  study 
ill  tlie  pilot  facility  an  underexpanded  free  jet  flow  whose  stagnation  temperature  is  about 
1000  K.  At  this  temperature,  approximately  10  vibrational  energy  levels  are  significantly 
populated  along  with  about  200  rotational  energy  levels  within  each  vibrational  state.  Be¬ 
cause  the  rate  of  collisions  decreases  significantly  as  the  gas  expands,  nonequilibrium  effects 
are  present  within  the  plume.  The  work  reported  here  is  mainly  concerned  with  developing 
methods  for  probing  the  nonequilibrium  features  of  the  expansion.  These  are  characterized 
by  a  decoupling  of  the  translational  and  rotational  temperature  from  the  vibrational  tem¬ 
perature  as  well  as  a  non-Boltzmann  distribution  in  the  vibrational  energy  levels.  With  the 
design  run  time  of  the  facility  being  30  min.,  emphasis  is  placed  on  developing  diagnostic 
techniques  which  would  probe  several  internal  energy  slates  without  requiring  long  integra¬ 
tion  periods.  Previous  investigations  of  iodine  expansions  have  been  reported  but  involved 
Hows  of  carrier  gases  seeded  with  trace  amounts  of  iodine. Internal  energy  state  pop¬ 
ulation  probing  has  only  been  performed  on  pure  iodine  in  local  thermal  equilibrium  and 
confined  to  a  static  cell  using;  conventional,  discrete  resonance  (fluorescence)  and  continuum 
resonance  Raman  scattering  techniques. Research  on  the  energy  level  populations  of 
chemically  reacting  flows  of  iodine  has  to  our  knowledge  never  been  performed,  although 
measurements  of  velocity  distribution  functions  in  flows  of  evaporating  iodine  have  been 
reported. 

The  iodine  molecule  has  been  the  subject  of  many  spectroscopic  studies  over  the  past 
two  decades  because  many  of  its  transitions  are  easily  accessible  at  visible  wavelengths. 

For  example  the  0"-43'  P13,  R15  transitions  will  strongly  absorb  the  5145  A 

radiation  of  the  Ar"^  laser  and  will  fluoresce  accordingly.  For  this  reason,  this  transition 
is  commonly  used  for  visualizing  supersonic  flows.  In  the  work  described  here,  we  probe 
the  population  of  individual  ro-vibrational  energy  states  in  a  pure  flow  of  iodine  molecules 
whose  internal  degrees  of  freedom  have  been  thermally  activated.  Laser  Induced  Fluores¬ 
cence  (LIF)  was  chosen  as  a  diagnostic  technique  primarily  for  signal  strength  considerations 
and  because  pumping  individual  transitions  appears  possible  with  a  narrow  band  tunable 
dye  laser.  We  are  however  faced  with  the  complication  of  identifying  the  numerous  transi¬ 
tions  that  characterize  the  iodine  molecule.  Fortunately,  molecular  constants  and  Duham 
expansion  parameters  describing  the  u'  =  0  —  80(B),  u"  =  0  —  19(X)  system  have  been 
determined  by  best  fitting  Fourier  transform  absorption  spectra.^®’^®’^^  This  enabled  us  to 
calculate  the  energy  gap  for  all  possible  transitions  involving  u'  =  0  —  60,  u"  =  0  —  6  and 
160  rotational  levels  for  each  vibrational  level  pair,  P  and  R  branches  were  also  taken  into 
consideration.  Subsequently,  only  the  transitions  which  could  be  individually  pumped  by 
the  laser  were  considered.  This  wa5  done  by  rejecting  all  transitions  which  were  within  0.05 
cm~‘  of  any  other  transition  (the  la^er  linewidth  being  about  0.04  cm"^).  For  the  115,200 
transitions  calculated,  only  12,485  were  considered  as  possible  candidates  for  determining 
either  rotational  or  vibrational  population  distributions.  By  specifying  an  upper  and  lower 
vibrational  quantum  number  we  obtained  a  set  of  transitions  which  could  be  probed  to  de¬ 
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termine  rotational  energy  distributions.  Figure  20  gives  and  example  of  potential  transitions 
computed  for  the  particular  case  of  v'  =  0,  u"  =  17  and  only  P  transitions  were  considered. 
Similarly,  by  specifying  a  rotational  quantum  number,  we  can  determine  a  two-dimensional 
set  of  vibrational  quantum  numbers  (upper  and  lower  levels)  which  could  be  used  to  measure 
vibrational  energy  distributions.  Figure  21  shows  a  plot  of  wavenumbers  vs.  {v'\v')  pairs 
having  specified  a  rotational  quantum  number  of  50. 

The  experiment  described  in  this  paper  was  performed  in  our  pilot  scale  hypersonic 
facility  described  in  an  earlier  paper. The  facility  operates  with  500  gm  of  pure  iodine, 
on  a  semi-continuous  basis  with  run  times  and  recycling  times  of  about  30  minutes.  The 
stagnation  pressure  was  maintained  at  100  torr  and  the  stagnation  temperature  773  K.  The 
iodine  vapor  was  expanded  through  a  2  mm  sonic  orifice  in  a  vacuum  where  the  pressure  wa^ 
approximately  10““*  torr.  To  generate  a  shock  in  the  flowfield,  a  7.25  cm  diameter  cylindrical 
blunt  body  was  placed  35  mm  downstream  of  the  orifice  exit  plane.  The  flowfield  was  probed 
at  five  axial  positions  along  the  plume  center  axis.  Taking  the  blunt  body  leading  edge  as 
a  reference,  the  coordinates  of  the  probed  positions  were  1,  3.5,  6,  11  and  16  mm.  Probing 
was  performed  by  LIF  whereby  excitation  of  the  transitions  was  achieved  with  an  excimer 
pumped  dye  laser  (Lambda  Physik  F13002  pumped  by  EMG  201(Xe  Cl)).  An  intracavity 
etalon  was  mounted  in  the  dye  laser  reducing  the  laser  linewidth  from  0.2  cm~*  to  0.04 
cm~L  The  laser  linewidth  was  checked  and  optimized  using  an  air  spaced  Fabry-Perot 
etalon  whose  free  spectral  range  was  0.166  cm“*  and  coated  for  5016  A.  The  repetition  rate 
was  set  to  30  Hz  and  the  dye  laser  was  programmed  to  scan  over  a  1.1  A  range  in  about  10 
minutes,  starting  at  the  17'-0"  P39  transition  and  proceeding  to  shorter  wavelengths.  The 
laser  beam  was  focused  on  the  probed  volume  with  a  30  cm  focal  length  lens.  The  LIF  signal 
was  collected  in  a  direction  perpendicular  to  the  leiser  beam  with  two  60  cm  focal  length 
lenses  (f4.0)  and  filtered  from  stray  light  occurring  at  the  excitation  wavelength  through  a 
0.85  m  double  spectrometer  (Spex  1404).  The  spectrometer  was  tuned  at  5827  A  with  a 
resolution  of  20  A  in  order  to  detect  the  transitions  corresponding  to  a  total  vibrational 
quantum  number  change  of  -1-2.  The  signal  was  integrated  over  30  samples  with  a  Box 
Car  averager  (Stanford  Research  Systems  SRS  250).  The  gate  width  weis  set  to  100  ns  and 
centered  about  the  fluorescent  signal  peak  in  order  for  the  averaged  signal  to  be  insensitive 
to  quenching.  Figure  22  shows  a  series  of  spectra  taken  at  the  axial  positions  mentioned 
above.  It  can  be  noticed  that  the  further  the  probed  position  is  from  the  blunt  body,  the 
colder  the  ga.s  becomes  resulting  in  a  weaker  response  of  the  transitions  involving  higher 
rotational  quantum  numbers.  This  is  rather  well  illustrated  by  the  18'-0"  R  101  transition. 
The  transitions  chosen  to  determine  rotational  distributions  are  identified  in  Figure  22.  They 
were  selected  on  the  ba.sis  of  their  common  lower  vibrational  state,  in  this  case  v"  =  0  and 
their  isolation  with  respect  to  other  transitions.  Transitions  with  different  upper  vibrational 
states  were  scaled  to  a  reference  transition  using; 


7  =  / 


PreJ  '  ?re/ 
pq 


(2) 


where  I  is  the  scaled  transition  intensity  and  p  and  q  are  the  upward  and  downward  Franck- 
Condon  factors  computed  by  Tellinguisen.^^  Resulting  rotational  population  distributions  are 
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shown  in  Figure  23,  where  ln{I)  —  ln{2J  +  1)  is  plotted  against  J{J  +  1)  so  that  the  slope  of 
the  best  linear  fits  is  inversely  proportional  to  the  rotational  temperature.  The  temperatures 
indicated  in  Figure  23  decrease  as  the  flow  is  probed  at  positions  further  upstream  of  the 
blunt  body.  It  may  be  mentioned  that  the  temperature  of  137  K  obtained  at  y  =  16  mm 
matches  the  temperature  prediction  of  Ashkenas  &  Sherman^"^  for  an  equivalent  axial  position 
in  a  free  jet  expansion  assuming  a  specific  heat  ratio  of  0/7  and  a  stagnation  temperature 
of  773  K.  Temperatures  vs.  axial  positions  are  plotted  in  Figure  24  where  a  sharp  decrease 
in  temperature  taking  place  over  a  distance  of  about  two  freestream  mean  free  paths  shows 
that  probing  was  performed  across  a  shock.  The  temperature  behind  the  shock  does  not 
reach  the  flow’s  stagnation  temperature  (773  K)  because  the  number  density  in  the  plume 
is  low  enough  for  the  shock  and  the  disc’s  boundary  layer  to  be  merged. 

Saturation  has  to  be  considered  when  dealing  with  LIF.  For  pulsed  pumping  and  using 
a  simple  2  level  model,  the  lower  and  upper  state  populations  Ni  and  N2  are  described  by 
the  system 


dN2 

dt 


lit.x) 

NiBi2g{i^) - N2 
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Bi2g{‘^) 


I{t,x)gi 

c  52 
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-Nr 

L  <^92  \ 
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where  is  the  laser’s  intensity  for  an  arbitrary  pulse  shape  which  should  equal  the  pulse 

energy  once  integrated  over  the  pulse  length.  The  laser  intensity  is  kept  as  a  function  of 
physical  space  because  we  may  need  to  consider  beam  attenuation.  Equation  (3)  indicates 
that  the  upper  state  population  depends  on  two  competing  effects:  1)  a  laser  pumping  rate 
which  is  a  function  of  the  lower  state  population  Ni,  the  absorption  linestrength  B12,  the 
laser  lineshape  g{u)  and  intensity  I{t,x)  (c  is  the  speed  of  light).  2)  a  term  depopulating 
the  upper  level,  depending  on  the  stimulated  emission  linestrength  B21  written  in  Equations 
(3)  and  (4)  as  the  product  of  B12  and  the  statistical  weight  y^,  a  spontaneous  emission  term 
A21  and  a  collisional  quenching  term  7?2i-  The  term  D2  appears  in  the  depopulating  factor 
to  account  for  molecules  being  pumped  out  of  level  2  but  not  repopulating  the  bottom  level, 
resulting  in  -  net  depletion  of  the  probed  level’s  population  and  thus  impeding  the  saturation 
process.  Sucn  depopulating  transitions  could  be  due  to  multiple  photon  excitations,  photo¬ 
dissociation  or  dissociative  quenching  reactions  which  according  to  several  sources  can  be 
significant  in  the  case  of  strong  pulsed  pumping.^^”^^  Taking  B12  =  4  •  10**  m*  J“*  sec~^, 
A21  =  5  •  10^  sec~*,  5(2/)  =  1.8  •  10“*°  sec  and  assuming  typical  experimental  conditions. 
Equations  (3)  and  (4)  were  solved  simultaneously  using  a  la.ser  pulse  of  Gaussian  shape  with 
a  28  nsec  width  at  half  maximum.  An  experimentally  determined  photo-dissociating  cross- 
section^®  of  2.4  •  10“*°  cm“^  was  also  assumed  and  resulted  in  a  D2  dissociative  linestrength 
of  1.06- 10*“*  m°  J“*  sec“^.  The  LIF  signal  being  proportional  to  the  population  N21  the  latter 
was  computed  for  several  cases  of  laser  intensities.  For  recisons  that  are  still  unresolved,  the 
signal  appears  to  have  an  unsaturated  behavior,  only  if  the  laser  input  power  is  set  to  two 
orders  of  magnitude  less  than  the  power  levels  actually  used  in  the  experiment. 
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6  Summary 


We  have  conducted  an  initial  investigation  into  the  measurement  of  rotational  and  vibrational 
population  distributions  in  a  hypersonic  flow  of  hot  iodine  vapor.  A  pilot  wind  tunnel  has 
been  operated  successfully  for  a  period  of  tw-elve  months.  It  provides  run  times  of  about  20 
min.  Scale  up  to  a  larger  facility  appears  feasible.  It  will  provide  a  20  cm  dia,  Af  ~  9  flow  of 
iodine  vapor  with  only  small  amounts  of  free  stream  nonequilibrium.  Consideration  of  the 
response  of  the  flow  to  a  normal  shock  wave  indicates  that  significnt  chemistry  will  occur  in 
model  flow  fields  in  the  larger  facility. 
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Figures 

Figure  1:  Schematic  of  pilot  scale  hypersonic  wind  tunnel. 

Figure  2:  Phase  diagram  of  iodine  with  the  facility  cycle  superimposed. 

Figure  3:  Photograph  of  a  free  jet  expansion  of  pure  iodine  vapor  a)  high  background 
pressure  b)  low  background  pressure. 

Figure  4:  Photograph  of  flowfield  around  a  cylindrical  blunt  body. 

Figure  5;  Time  trace  of  fluorescence  at  an  axial  position  of  25  orifice  diameters  downstream 
of  the  orifice  exit  plane. 

Figure  6:  Top  view  of  experimental  setup. 

Figure  7:  Photograph  of  iodine  condensate  on  test  section  optical  port. 

Figure  8:  Nozzle  throat  cross-section. 

Figure  9:  a)  Mach  number,  b)  Pressure,  c)  Temperature,  d)  Degree  of  dissociation  vs.  Area 
ratio  Predictions  based  on  finite  rate  chemistry. 

Figure  10:  I2  mole  fraction  in  nozzle  expansion  for  several  stagnation  pressures. 

Figure  11:  I2  vibrational  temperature  freezing  in  nozzle  expansion. 

Figure  12:  Finite  rate  chemistry  calculation  of  degree  of  dissociation  a)  and  temperature 
b)  across  a  normal  shock  wave. 

Figure  13:  Throat  region  contour  for  best  40  inch  nozzle — vertical  exaggeration. 

Figure  14:  Effect  of  nozzle  length  on  exit  Mach  number  distribution. 

Figure  15:  Effect  of  nozzle  length  on  exit  flow  angle. 

Figure  16:  Nozzle  exit  flow  profile. 

Figure  17:  Schematic  of  the  full  scale  iodine  facility. 
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Figure  18:  Pressure  temperature  diagram  for  the  full  scale  tunnel  operation  cycle. 


Figure  19:  Cross-section  of  the  condensation  pump. 

Figure  20:  Possible  ro-vibrational  transitions  used  for  determining  rotational  population 
distributions. 
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Figure  2:  Phase  diagram  of  iodtne  with  the  facility  cycle  siqierimposed. 


Figure  V  Photographs  ot  a  tree  jet  expansion  of  pure  iodine  vapor  ai  haekeround  pressure  =  01  Torr  I'  i 
background  pressua’  =  Torr  . 


I'lgiire  4:  Photograph  of  llowlield  around  a  cylindrical  blunt  binly. 
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Figure  S:  Time  trace  of  fluorescence  at  an  axial  position  of  2S  orifice  diameters  downstream  of  the  orifice 
exit  plane. 
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Figure  6:  Top  view  of  experimental  setup. 
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Figure  9:  a)  Mach  number,  b)  Pressure,  c)  Temperature,  d)  Degree  of  dissociation  vs.  Area  ratio  Predictions 
based  on  finite  rate  chemistry. 


Figure  10:  Ij  mole  fraction  in  nozzle  expansion  for  several  stagnation  pressures 


Figure  11:  Ij  vibrational  temperature  freezing  in  nozzle  expansion 
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b)  across  a  normal  shock  wave. 
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Figure  13:  Throat  region  contour  for  best  40  inch  nozzle — vertical  exaggeration 
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Figure  14:  Effect  of  nozzle  length  on  exit  Mach  number  distribution. 
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Figure  16:  Nozzle  exit  flow  profile. 
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Figure  21:  Possible  ro- vibrational  transitions  to  determine  vibrational  population  distribu¬ 
tions. 
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Figure  23:  Relative  intensity  for  spectra  of  Figure  22. 
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Figure  24:  Rotational  temperatures  from  Figure  23. 
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Abstract 

A  pilot  scale  hypersonic  wind  tunnel  operating  on  pure  iodine  vapor  has  been  designed 
and  tested.  The  wind  tunnel  operates  mtermittently  with  a  run  phase  lasting  approximately 
20  minutes.  Successful  recirculation  of  the  iodine  used  during  the  run  phase  has  been 
achieved  but  can  be  improved.  Relevam  issues  regarding  the  full  scale  facility’s  design 
and  operation,  and  the  use  of  iodine  as  a  working  gas  are  discussed.  Continuous  wave 
laser  induced  fluorescence  was  used  to  monitor  number  densities  within  the  plume  flow- 
field.  while  pulsed  laser  induced  fluorescence  was  used  in  an  inidal  attempt  to  measure 
vibraiioiul  energy  state  population  distributions.  Preliminary  nozzle  flow  calculadotts 
based  on  finite  rate  chemistry  axe  presented. 

1.  Introduction 

In  two  previous  papers,  we  proposed^’^  iodine  as  an  attractive  gas  for  the  detailed  experimental  study  of 
nonequilibrium,  chemically  reacting  hypersonic  flows.  In  terms  of  dissociation,  a  siagnatitm  temperature  of 
ISOO  K  for  iodine  is  equivalent  to  about  4000  K  for  oxygen  or  6000  K  for  nitrogen.^  An  iodine  hypersonic 
flow  facility  in  which  detailed  measurements  of  internal  state  populations  are  possible,  can  be  used  for  the 
validation  of  flow  prediction  techniques  when  nonequilibrium  chemistry  is  important.  In  this  paper  we 
describe  the  initial  implementation  of  this  proposal  in  a  pilot  scale  hypersonic  wind  tunnel  A  full  scale  wind 
tutmel  is  currently  under  construction.  Design  flow  periods  are  up  to  30  minutes  at  stagnation  temperatures 
of  1000  to  1500  K  and  stagnation  pressures  up  to  10  Atm.  Relatively  long  flow  times  are  desirable  to  permit 
the  detailed  probing  of  the  many  energy  levels  populated  within  the  flow.  Three  diagnostic  techniques;  con¬ 
tinuum  resonance  Raman  scattering,^  electron  beam  fluorescence^  and  laser  induced  fluorescence^  have 
been  investigated.  Emphasis  is  on  developing  techniques  capable  of  measuring  nonequilibrium  energy  state 
population  distributions  in  the  iodine  flows.  Accurate  measurements  of  the  population  distributions  for  the 
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large  number  of  significantly  populated  levels  typical  of  a  dissociating  gas,  will  permit  meaningful  tests  of 
the  basic  assumptions  about  local  thermodynamic  equilibrium  that  are  made  in  most  predictions  involving 
finite  rate  chemistry. 

2.  Iodine  as  a  working  gas 

2.1.  Attributes  of  a  code  validation  gas 

During  the  flight  of  tiansatmospheric  vehicles  such  as  the  NASP  or  the  STS  orbiier,  the  temperamres 
encountered  behind  a  normal  shock  at  an  altitude  of  approximately  SO  km  are  typically  4000  K  for  a  speed 
of  4  km  sec  '.  At  this  altitude,  the  pressure  is  1  torr  and  the  most  abundant  species  are  molecular  oxygen  and 
molecular  nitrogen.  The  Mach  number  is  approximately  12.  resulting  in  a  pressure  behind  the  shock  of  about 
200  torr,  Table  1  shows  a  comparison  of  the  temperature  required  to  pnxiuce  S0%  dissociation  in  iodine, 
nitrogen  and  oxygen.  Also  shown  in  Table  1  are  the  ratios  of  the  vibrational  energy  spacing  d£v  to  the  aver¬ 
age  Idnetic  energy  <e>  =  (3/2)  kT.  While  50%  dissociation  in  nitrogen  and  oxygen  is  achieved  at  iCmper- 
atures  of  about  35(X)  and  5400  K,  the  same  degree  of  dissociation  can  be  produced  by  heating  iodine  to 
approximately  1300  K.  The  ratio  ( A£^)  /  <e)  is  an  indication  of  how  close  the  average  kinetic  energy  of  the 
molecules  are  to  the  internal  vibrational  energy  spacing.  For  all  three  gases,  (e)  is  larger  than  the  energy 
required  to  excite  the  molecules  to  upper  vibrafional  levels  resulting  in  significant  population  of  the  vibra¬ 
tional  levels.  The  ratios  (A£^)/<e>  vary  by  up  to  a  factor  of  3.  Since  the  value  of  (A£^)/<e)  is  smaller  for 
iodine,  it  is  expected  that  its  higher  vibrational  states  will  be  somewhat  more  populated  than  the  correspond¬ 
ing  vibrational  states  in  nitrogen  or  oxygen.  Because  rotational,  vibratitmal  and  dissociative  excitation  of  the 
iodine  molecule  can  be  achieved  at  lower  temperatures  than  for  oxygen  or  nitrogen,  iodine  will  be  used  as  a 
convenient  surrogate  diatomic  gas  for  the  study  of  chemically  reacting  gas  flows.  More  detailed  consider¬ 
ations  of  the  electronic  structure  of  /j  and  I  further  substantiate  its  suitability  as  a  convenient  gas  for  calcu¬ 
lating  the  properties  of  inelastic  collisions  including  vibratiraial  transition  probabilities  and  dissociation.^  An 


Species 

Temperature  (K) 

<E>(eV) 

dEv(eV) 

(dEv)/<E> 

h 

1340 

0.17 

0.026 

0.15 

N2 

5400 

0.69 

0.292 

0.42 

Oz 

3530 

0.45 

0.195 

0.43 

Table  1 :  Thermal  equilil^um  properties  of  0^  for  a  degree  of  dissociation  of  50%  and  pressure  of 

200  Torr  (after  Kune  et  al}) 

example  of  this  is  the  recently  published  work  of  Kang  and  Kune  on  the  viscosity  of  iodine  at  elevated  tem¬ 
peratures.^ 

2.2.  Safety  issues 

Iodine  has  been  used  in  a  wide  variety  of  studies.  A  few  examples  are;  fundamental  spectroscopic 
research,^’  ^  investigation  of  laser  induced  processes,^  visualization  and  probing  of  supersonic  flows.*’^®’'^^ 
In  these  studies,  iodine  was  either  confined  in  a  static  cell  or  used  in  trace  amounts  to  seed  a  flowing  carrier 
gas,  usually  nitrogen.  In  either  case  the  amounts  of  iodine  involved  were  of  the  order  of  tens  of  grams  at 
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most.  In  contrast,  the  work  described  in  this  paper  uses  quantities  of  iodine  ranging  from  500  g  to  30  kg.  For 
this  reason  we  gave  serious  consideration  to  the  corrosive  and  toxic  nature  of  iodine  while  designing  the 
facility. 

The  iodine  molecule  will  react  with  most  metals,  the  reaction  rate  depends  on  the  concentration  of 
iodine  in  contact  with  the  metal.  Metals  such  as  aluminum  and  stainless  steel  (SS  304)  are  clearly  inadequate 
even  at  room  temperature  where  the  iodine  vapor  pressure  is  appiroximately  0.2  Torr.  Aluminum  reacts  to 
iodine  by  forming  a  large  quantity  of  a  light  powdery  substance  which  subsequently  delays  further  reaction 
and  can  seriously  contaminate  the  pumping  system.  It  was  found  that  the  higher  the  content  in  nickel,  chro¬ 
mium  and  molybdenum,  the  better  the  metal  resists  iodine  corrosion.  Stainless  steel  (SS316)  offers  a  mild 
resistance  to  iodine  attack  at  room  temperature  but  cannot  be  used  at  higher  tcmperanire.  Hastclloy  {C276). 
a  nickel  alloy,  was  found  to  be  the  only  commercially  available  metal  that  would  not  signidcanily  corrode 
for  temperatures  up  to  1000  K.  Other  non-metallic  substances  such  as  Pyrex*  ceramics  (aluminum-oxides) 
and  Teflon*  seem  to  be  excellent  for  use  in  an  iodine  environment  For  this  reason,  pans  that  would  ordi¬ 
narily  corrode  can  either  be  Teflon  coated  or  anodized.  Inert  greases  for  seals  and  chemically  stable  pump 
lubricants  are  critical  for  the  vacuum  integrity  of  the  experiment  as  well  as  the  longevity  of  the  pumping  sys¬ 
tem.  Kryiox®  oils  and  greases  have  performed  fairly  well,  until  now  they  have  shown  very  few  signs  of  reac¬ 
tion  with  iodine. 

When  inhaled,  iodine  may  cause  eye,  nose,  throat  and  respiratory  tract  irritation.  If  exposure  is 
repealed,  bronchitis,  skin  rashes,  loss  of  appetite  and  sleep  may  result  Discontinuation  of  exposure  is  neces¬ 
sary  to  recover  from  ill  effects.  The  maximum  accepted  coiKentration  is  0.1  ppm,  which  corresponds  to  1 
mg/m^  at  standard  atmospheric  conditions.  Reported  lethal  doses  lie  between  a  few  tenths  of  a  gram  to  more 
than  20  grams.*^  For  the  work  described  in  this  paper,  the  quaniirics  of  iodine  used  are  of  the  order  of  kilo¬ 
grams  at  pressures  above  atmospheric,  it  is  therefore  absolutely  necessary  that  leaks  will  only  be  into  the 
facility  and  that  satisfactory  fail-safe  features  are  designed  in  place. 

3.  Pilot  'ninnel  Construction  and  Performance 

3.1.  Operadonal  procedure 

The  pilot  scale  hypersonic  wind  tunnel  was  conceived  so  that  the  methods  proposed  for  handling  iodine  in 
the  full  scale  fxility  could  be  dealt  with  in  the  pilot  fxility  on  a  scale  that  would  allow  easy  modifications 
should  design-related  failure  occur.  The  corrosive  and  toxic  nature  of  iodine  as  well  as  the  wide  temperature 
range  encountered  in  different  parts  of  the  facility  were  the  main  design  considerations.  Figure  1  shows  a 
schematic  of  the  vertically  mounted  prototype  wind  tunnel.  The  facility  operates  intermittently  in  a  closed 
cycle. 

The  phase  diagram  for  iodine  is  presented  in  Figure  2,  with  the  facility  cycle  superimposed.  During 
the  run  phase  the  boiler  is  maintained  at  a  temperature  that  provides  the  desired  stagnation  pressure.  The  sat¬ 
urated  iodine  vapor  from  the  boiler  flows  to  the  stagnation  chamber  when  valve  V,  is  opened,  where  it  is 
superheated  to  the  stagnation  temperature.  The  high  temperature  iodine  in  the  stagnation  chamber  expands 
through  a  sonic  orifice  and  into  a  vacuum  chamber  where  optical  diagnostics  can  be  performed.  A  nozzle 
expansion  is  not  used  in  the  pilot  scale  tunnel.  The  iodine  flow  is  pumped  using  condensation  pumping  onto 
two  cold  traps. 

The  second  phase  of  operation  consists  of  recycling  th<*  iodine  frum  the  cold  traps  used  to  condense 
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[he  working  gas  during  the  nin  phase  to  the  supply  chamber  t^boiler).  Recuculauon  is  achieveo  by  the  vapor 
pressure  diflferential  between  the  heated  cold  traps  and  the  facility’s  heated  vacuum  envelope,  and  the  cooled 
boiler.  The  run  time  of  the  pilot  wind  tunnel  is  abcut  20  minutes  while  the  recycling  penod  is  of  the  order  of 
2  to  3  hours.  For  an  orifice  diameter  of  0.5  mm.  a  siagnauon  temperature  of  1,000  K  and  a  stagnation  pres¬ 
sure  of  I  Atm.,  the  mass  flow  rate  is  approximately  0.1  g/sec.  The  same  mass  flow  may  be  obtained  with  an 
orifice  diameter  of  2  mm,  a  stagnation  temperature  of  700  K  and  pressure  of  200  Ton. 

3.2.  Flow  visualization  and  run  time 

The  flow  can  be  probed  in  regions  where  the  Mach  number  ranges  from  about  5  to  30.  Figure  3  a)  and  b) 
show  photographs  of  a  &ee  jet  expansion  of  iodine  for  a  background  pressure  of  10  *  Ton  and  0.1  Ton 
respectively.  Figure  4  shows  a  photograph  of  the  flowfield  around  the  flat  e.;i  of  a  silicone  carbide  cylinder 
placed  in  the  iodine  Jet.  In  these  photographs  the  bright  areas  represent  fluorescence  obtained  by  excitation 
with  the  5145  A  line  of  an  Ar*  laser.  The  areas  downstream  of  the  normal  shock  waves  in  the  visualizations 
appear  darker  because  of  temperature  effects  on  the  populations  of  the  pamcular  rotational  lines  in  reso¬ 
nance  with  the  laser  frequency.  A  normal  shock  is  visible  both  in  the  case  of  a  free  Jet  in  a  high  background 
pressure  (Figure  3  b))  and  upstream  of  the  blunt  body  at  a  stand-off  distance  of  approximately  2  mm. 

Figure  5  shows  a  time  trace  of  the  fluorescence  emitted  from  a  point  located  approximately  25  ori¬ 
fice  diameters  downstream  of  exit  plane.  The  sonic  orifice  diameter  was  2  mm,  the  stagnation  temperature 
and  pressure  were  700  K  and  200  Torr  respectively.  For  this  measurement,  the  5 145  A  line  of  the  Ar'^  laser 
was  used  to  excite  the  (X  ( ^  )  O’* — B  )  43’)  Pl3  and  R15  transitions  of  the  iodine  molecule. 

Figure  6  shows  a  top  view  of  the  experimenL  The  Ar*  laser  is  not  represented  but  was  placed  parallel  to  the 
dye  laser.  Fluorescence  was  observed  at  5260.25  A  with  a  SPEX  0.75  m  double  spectrometer  and  RCA 
C31034A02  photomultiplier.  The  spectrometer  slits  were  adjusted  so  that  the  spectral  resolution  was  about 
0.4  A.  The  laser  beam  was  focused  with  a  2S  cm  focal  length  lens  and  aimed  horizontally  through  the  center 
of  the  plume  at  a  posidon  sufficiently  far  downstream  of  the  orifice  exit  plane  to  avoid  any  quenching 
effects.  Indeed,  at  a  posidon  25  orifices  diameters  downstream  of  the  exit  plane,  the  number  density  drops  by 
4  orders  of  magnitude  from  stagnation  conditions,'*  thus  significantly  reducing  collisional  deexcitation  of 
molecules  in  the  upper  state.  The  image  of  the  horizontal  column  of  fluorescence  emitted  from  the  plume 
was  rotated  90*  so  that  it  aligned  with  the  spectrometer  entrance  slit  C  usequently.  the  signal  observed  in 
Figure  5  was  integrated  radially  over  a  distance  in  the  plume  of  approximately  1 .5  cm.  Figure  5  shows  a  sud¬ 
den  drop  in  signal  intensity  during  a  period  of  about  2  minutes  before  the  flow  conditions  become  steady. 
This  is  caused  by  the  rapid  energy  loss  from  the  pool  of  liquid  iodine  in  the  boiler  due  to  the  net  vaporization 
of  I2  to  make  up  for  the  iodine  flowing  through  the  orifice  when  the  flow  is  iniuated.  The  resulting  thermal 
load  on  the  boiler  could  not  be  compensated  by  the  boiler  heater,  which  in  this  case  was  a  simple  ceramic 
oven  heater  surrounding  the  boiler  but  not  in  direct  contact  with  it.  This  arrangement  resulted  in  only  a  mod¬ 
erate  control  over  the  boiler  temperature  of  ±  5  K  because  of  the  slow  response  time  of  the  system.  The  drop 
in  intensity  seen  in  Figure  5  corresponds  to  a  drop  in  temperature  of  about  6  K.  A  lecirculating  hot  oil  bath 
heater  system  was  subsequently  used  and  resulted  in  an  improved  but  still  insuffic  ent  temperature  control  to 
within  ±  3K.  It  is  critical  that  the  boiler  temperature  be  controlled  accurately  because  at  457  K.  where  the 
iodine  vapor  pressure  is  one  atmosphere,  a  drop  of  5  K  corresponds  in  a  stagnauon  pressure  decrease  of  60 
to  70  Torr.  Under  the  present  conditions.  Figure  5  indicates  that  a  quasi-steady  flow  can  be  obtained  for  run 
times  of  the  about  of  20  minutes.  More  care  in  the  design  of  the  full  system  should  produce  satisfactorily 
steady  stagnation  conditions. 
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When  all  the  iodine  supply  contained  in  the  boiler  has  been  used,  most  of  the  working  gas  is  in 
principle  frozen  on  the  cold  traps.  At  this  stage,  recycling  of  the  iodine  can  be  performed:  the  gate  valve  is 
closed  to  protect  the  pumping  units,  hot  air  is  blown  through  the  cold  traps  so  that  the  frozen  iodine  subli¬ 
mates  (Ref.  Figure  2),  V2  (Ref.  Figure  1)  is  opened  and  the  boiler  walls  are  now  cooled  to  LNi  temperature. 
When  the  iodine  evaporates,  it  flows  through  the  return  duct  and  freezes  on  the  boiler  walls.  During  the  recy¬ 
cle  phase,  it  is  important  that  the  pressure  remains  low  enough  to  allow  flow  of  the  iodine.  Since  the  pump¬ 
ing  system  is  at  this  point  isolated  from  the  chamber,  it  is  critical  that  the  leak  rate  of  the  chamber  is  reduced 
to  a  minimum.  Calculations  assuming  an  incompressible  Poiseuille  flow  within  the  return  duct  indicate  that 
the  recirculation  time  should  be  of  the  order  of  1  hour.  The  mass  flow  rate  through  the  recycling  duct  is 
described  by 

.  _  ^  m 

^  8tiZ.‘  2  '  kl' 

where  a,  I,  m  and  t]  are  the  radius,  length  of  the  tube,  the  mass  of  the  iodine  molecules  and  the  viscosity  of 
the  iodine  vapor  respectively.  P  and  T  are  the  pressure  and  temperature  taken  as  2  torr  and  323  K  respec¬ 
tively.  A  value  of  14x  10”^  N  sec  m'^  was  selected  for  the  viscosity  at  323  K.  In  practice,  however,  recircu¬ 
lation  times  are  3  to  4  hours.  This  is  partly  due  to  losses  in  the  recirculation  path  caused  by  bends  and 
constrictions. 

In  order  for  the  recirculation  process  to  be  efficient  it  i.;  important  that  all  parts  of  the  test  section  be 
heated  to  the  temperature  corresponding  to  the  vapor  pressure  n&  essary  to  drive  the  iodine  to  the  boiler.  For 
this  purpose,  a  plexiglas  shroud  was  built  around  the  entire  facility  and  a  5  kW  heater  is  used  to  blow  hot  air 
around  it  (Ref.  Figure  1).  If  the  test  facility  is  nonimiformly  heated  iodine  will  condense  on  its  coldest  sur¬ 
faces,  thus  delaying  the  recirculation  process.  Figure  7  shows  a  photograph  of  an  optical  port  which  was 
colder  than  the  rest  of  the  test  section  due  to  a  hot  air  leak  through  the  shroud.  As  the  iodine  crystals  of  the 
photograph  show,  the  cryopumping  of  iodine  is  a  rather  efficient  process  even  through  temperature  gradients 
of  a  few  degrees. 

A  subtle  but  important  issue  concerning  recirculation  deals  with  the  accumulation  of  incondensibles 
in  the  boiler.  As  the  iodine  vapor  condenses  on  the  boiler  walls,  incondensibles  carried  with  it  are  separated 
from  the  I2  molecules  and  over  time  build  up  pressure  within  the  boiler,  which  in  turn  slows  further  flow  of 
iodine  from  the  test  section.  Venting  of  the  incondertsibles  during  the  recirculation  phase  is  therefore  neces¬ 
sary.  This  was  achieved  either  by  opening  V  j  (Ref.  Figure  1)  during  recirculation,  or  actively  pumping  on  the 
downstream  side  of  the  boiler  using  a  bypass  line  to  the  main  pumping  system.  Related  phenomena  are  rela¬ 
tively  well  known  effects  to  users  of  cold  trapped  Macleod  gages,  it  was  also  used  by  one  of  us  (E.RM.,  who 

also  forgot  about  it  until  we  had  trouble  recirculating)  to  enhance  the  operation  of  an  isotope  separation  sys- 

25  26 
tern.  ■* 

4.  Nozzle  Flow  Calculations 

The  reason  for  developing  an  iodine  vapor  wind  tunnel  is  to  study  nonequilibrium,  reacting  flows. 
In  order  to  verify  that  flows  generated  at  stagnation  conditions  of  1500  K  and  10  atm.  will  provide  situations 
where  finite  rate  chemistry  effects  can  be  observed,  selected  nozzle  and  shock  wave  calculations  have  been 
completed.  The  nozzle  throat  used  in  the  calculation  is  shown  in  Figure  8.  It  follows  previous  nozzle  designs 
reported  by  a  number  of  authors.^The  conical  section  marks  the  transition  to  the  downstream  portion  of  a 


hypersonic  nozzle  where  the  how  is  turned  to  be  approximately  parallel  at  the  nozzle  exiL  Nozzle  contours 
for  this  downstream  section  have  not  been  finalized.  For  a  conical  nozzle  formed  as  an  extension  of  the  12’ 
half  angle  expansion  in  Figure  8,  a  finite  rate  chemistry,  inviscid  Sow  solution  was  calculated  using  a  One 
Dimensional  Kinetics  (ODK)  computer  program'^  based  on  the  forward  reaction  rate  constant*®  shown  in 
Table  2.  These  computations  resulted  in  the  Mach  number,  pressure,  temperature  and  degree  of  dissociation 
shown  in  Figures  9  a)  -d).  Also  shown  in  the  Figure  9  c)  are  frozen  and  equilibrium  temperatures  for  the 
same  nozzle.  Note  that  the  flow  is  fairly  close  to  equilibrium  leaving  only  about  a  S%  degree  of  dissociation 
in  the  &ee  stream  at  the  nozzle  exit 


Reacdon 

Rate 

1.09  10‘®  T  e 

Temperature 
range  (K) 

300  <  T  <  2000 

Units 

cm^  mor’  sec'^ 

Table  2  :  Reacdon  rate  used  in  ODK  computadons 


The  calculadons  were  performed  for  a  nozzle  geometry  and  flow  condidons  summarized  in  Table  3. 


Working  Gas 

h 

Stagnation  pressure  (atm.) 

10 

Stagnation  temperature  (K) 

1500 

Downstream  pressure  (Totr) 

0.1 

Throat  radius  (mm) 

1.778 

Nozzle  exit  radius  (cm) 

10.16 

Area  Ratio 

3265.3 

Table  3  :  ODK  calculation  parameters 


Boundary  layer  calculadons  for  a  similar  nozzle  indicate  a  displacement  thickness  at  the  exit  of  about  1.5 
cm.  The  displacement  thickness  is  of  course  scnsidve  to  the  wall  temperature  which  must  at  all  times  be  con¬ 
trolled  so  that  the  corresponding  iodine  vapor  pressure  is  slightly  higher  than  the  local  stadc  pressure  of  the 
nozzle  flow. 

The  possibility  of  iodine  condensadon  in  the  nozzle  flow  is  illustrated  in  Figure  10  where  the  finite 
rate  chemistry  results  are  superimposed  on  the  solid-vapor  equilibrium  line  from  the  iodine  phase  diagram. 
The  flow  only  reaches  equilibrium  saturadon  at  a  Mach  number  of  about  6,  where  the  collision  firequency  is 
relatively  low.  We  do  not  expect  to  encounter  serious  condensation  problems.  More  details  about  these  cal¬ 
culations  will  be  reported  soon  by  Bradley.^ 

Will  there  be  active  chemistry  in  the  flow  field  at  the  nozzle  exit  condidons?  To  invesdgate  this 
issue,  a  normal  shock  holder  was  assumed  to  be  plxed  in  the  flow.  For  a  firozen  flow  across  the  momentum 
shock,  finite  rate  chemistry  calculations  were  completed  as  a  function  of  distance  behind  the  shock  front. 
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The  results  are  shown  in  Figure  11  where  a  relaxation  distance  of  a  centimecer  is  required  for  the  degree  of 
dissociation  to  come  to  equilibrium.  This  would  be  an  ideal  distance  for  measurements  of  the  details  of  this 
relaxing,  dissociating  flow. 

5.  Full  Scale  T\iiinel  Design 

Figure  12  shows  a  schematic  of  the  full  scale  hypersonic  facility.  The  wind  tunnel  is  designed  to  operate  on 
50  kg  of  pure  iodine,  with  a  stagnation  temperature  of  1500  K  and  pressure  of  10  Atm.  The  flow  rate  will  be 
about  20  g  sec'^  for  a  total  run  time  of  a  little  over  30  minutes.  The  hypersonic  flow  will  be  achieved  by 
expanding  the  iodine  vapor  through  a  nozzle  into  a  1  m  diameter  low  pressure  dump  tank.  The  open  jet  noz¬ 
zle  will  have  a  throat  diameter  of  3.4  mm  and  an  exit  diameter  of  about  20  cm.  Pumping  of  the  working  gas 
during  the  run  will  be  achieved  by  condensing  the  iodine  on  cryogenic  panels.  The  facility  will  operate  on 
the  same  basis  as  its  pilot  scale  counterpan  i.  e.  in  a  closed  cycle  for  safety  reasons  and  on  an  intermittent 
basis.  During  the  recirculation  phase,  the  iod<ne  is  transferred  from  the  heated  cryogenic  pump  panels  to  the 
cooled  walls  of  the  boiler.  Mach  numbers  up  to  about  10  will  be  achieved  at  the  nozzle  exit  As  indicated  in 
Figure  12  the  full  scale  tunnel  is  mounted  verticaily  with  the  test  section  featuring  multiple  optical  access 
ports  about  3  meters  from  the  floor. 

The  cycle  for  the  full  scale  tunnel  in  shown  in  Figure  13  superimposed  on  the  iodine  phase  dia¬ 
gram.  Based  on  a  tunnel  envelope  temperature  of  450  K  the  pressure  driving  the  recirculation  phase  will  be 
about  300  Torr.  The  recirculation  lines  to  the  boiler  will  have  a  diameter  of  2.5  cm  and  a  length  of  2  m, 
resulting  in  a  recirculation  dme  that  theoretically  should  be  a  few  seconds  for  a  recirculating  temperature  of 
450  K.  Dropping  the  temperature  to  370  K  reduces  the  pressure  to  about  30  Torr  and  increases  the  recircula¬ 
tion  time  by  two  orders  of  magnitude.  This  would  permit  the  recycling  to  proceed  without  forming  liquid 
iodine.  A  hastelloy  catch  basin  is  incorporated  in  the  condensation  pump  to  hold  liquid  iodine  during  recir¬ 
culation. 

The  condensation  pump  is  designed  for  the  particular  application  to  the  iodine  tunnel.  The  nozzle 
exit  static  pressure  will  be  50  to  100  mToir.  In  order  to  control  the  condensation  pumping  at  these  rather  high 
pressures  the  condensing  surfaces  have  been  arranged  as  shown  in  Figure  14.  Panels  mounted  vertically  in  a 
star  pattern  about  a  central  vertical  tube  are  separated  from  the  pressure  required  for  balancing  the  nozzle 
flow  by  a  cylindrical  surface  containing  long  vertical  slits  about  7  mm  wide.  The  slits  ate  positioned  at  the 
mid  point  of  the  outer  boundary  of  the  wedge  shaped  sections  formed  by  the  condensing  surfaces.  Between 
the  slotted  cylinder  and  the  pump’s  outer  vacuum  boundary  the  pressure  will  be  close  to  the  nozzle  exit  pres¬ 
sure.  The  vertical  slots  form  continuum  two-dimensional  jets  that  expand  freely  into  the  wedge  shaped 
spaces.  The  static  pressure  in  these  spaces  will  be  <  10'^  Torr.  From  the  work  on  2-D  jets  by  Dupeyrat^*  the 
shock  systems  associated  with  these  jets  should  be  about  30  cm  downstream  of  the  slits  in  this  particular 
case  (7  mm  slits,  pressure  ratio  of  100).  Thus  the  underexpanded  jets  will  impinge  directly  on  the  condens¬ 
ing  surfaces,  both  enhancing  the  efficiency  of  the  surfaces  and  distributing  the  condensate  in  a  more  uniform 
manner. 

6.  Diagnostic  considerations 

Significant  internal  energy  excitation  may  be  produced  by  heating  the  iodine  vapor  to  temperatures 
ranging  from  1000  K  to  1500  K.^  For  this  reason,  we  have  chosen  as  an  initial  study  in  the  pilot  facility  an 
underexpanded  free  jet  flow  whose  stagnation  tcmpcranire  is  about  1000  K.  At  this  temperature,  approxi- 
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mately  10  vibrational  energy  levels  are  significantly  populated  along  with  about  200  rotational  energy  levels 
within  each  vibrational  state.  Because  the  rate  of  collisions  decreases  significandy  as  the  gas  expands,  non¬ 
equilibrium  effects  are  present  within  the  plume.  The  work  reported  here  is  mainly  concerned  with  develop¬ 
ing  methods  for  probing  the  nonequilibrium  features  of  the  expansion.  These  are  characterized  by  a 
decoupling  of  the  translational  and  rotational  temperature  horn  the  vibrational  temperature  as  well  as  a  ncn- 
Boltzmann  distribution  in  the  vibrational  energy  levels.  With  the  design  run  time  of  the  facility  being  30 
min.,  emphasis  is  placed  on  developing  diagnostic  techniques  which  would  probe  several  internal  energy 
states  without  requiring  long  integration  periods.  Previous  investigations  of  iodine  expansions  have  been 
reported  but  involved  flows  of  carrier  gases  seeded  with  trace  amounts  of  iodine.’"'^  Internal  energy  state 
population  probing  has  only  been  performed  on  pure  iodine  in  local  thermal  equilibrium  and  confined  to  a 
stadc  cell  using;  conventional,  discrete  resonance  (fluorescence)  and  continuum  resonance  Raman  scattering 
techniques.'*-^^'*^  Research  on  the  energy  level  populations  of  chemically  reacting  flows  of  iodine  has  to  our 
knowledge  never  been  performed,  although  measurements  of  velocity  distribution  functions  in  flows  of 
evaporating  iodine  have  been  reported.*^ 

We  have  investigated  continuum  resonance  Raman  scattering^  to  evaluate  the  vibrational  and  rota¬ 
tional  energy  state  populations  within  the  flows  generated  in  our  pilot  scale  facility.  This  technique  applied 
to  the  iodine  molecule  involves  transitions  where  the  probing  laser  energy  is  tuned  to  excite  the  iodine  mol¬ 
ecules  from  the  ground  X  ( )  state,  to  the  continuum  of  the  B  )  state.  In  order  to  excite  the 

iodine  molecule  into  the  dissociadve  continuum  of  the  5  state,  an  excitadon  wavelength  of  at  most  4960  A  is 
required.  Since  the  energy  states  of  the  continuum  are  non-stadonary,  the  scattering  process  is  fast  (<  10'^ 
sec)  and  thus  insensidve  to  coUisional  quenching.  Ws  have  used  the  4880  A  radiadon  of  a  1  Watt  Ar'^  laser  in 
our  c.w.  approach.  To  test  signal  level  intensides,  Raman  spectra  of  the  fundamental  vibradonal  overtone 
(Av  si)  have  been  recorded  from  stagnant  iodine  contained  in  the  test  secdon  at  room  temperature  where  the 
iodine  vapor  pressure  is  approximately  2(X)  mToir.  The  maximum  number  of  Raman  photons  detected  was 
typically  100  sec  *  implying  total  scanning  times  of  the  order  of  30  min  for  the  xcumuladon  of  reasonable 
stadsdes.  Figure  15  shows  an  example  of  the  fundamental  vibradonal  overtone  recorded  with  a  spectral  res- 
oludon  of  0.4A.  Similar  measurements  have  been  attempted  in  the  plume  of  a  free  jet  of  iodine  where  the 
stagnadon  temperature  and  pressure  were  800  K  and  200  Torr  respeedvely.  Number  density  as  a  funedon  of 
time  has  been  recorded,  but  signal  levels  w«c  too  weak  to  permit  spectral  scans.  The  excepdonally  weak 
signals  that  ate  observed  in  these  pardcular  tests  are  thought  to  be  caused  by  an  uru-elated  output  power  loss 
of  the  laser.  However,  in  view  of  the  fact  that  the  continuum  resonance  Raman  scattering  cross  secdon  is  1. 1 
10'^  cm  ^  for  an  excitadon  wavelength  of  4880  A,^*  (as  opposed  to  3  10'’®  cm"  for  fluorescence)  the  gener¬ 
ally  weak  Raman  signal  levels  observed  during  this  invesdgadon  are  not  surprising. 

A  pulsed  excitadon  of  the  Raman  transidon  was  invesdgated.  For  this  purpose,  we  have  used  an 
excimer  (XeCl)  pumped  dye  laser  tuned  to  4880  A.  For  a  pulsed  excitadon  of  the  probed  molecules,  the  sig¬ 
nal  to  noise  rado  may  in  principle  be  increased  assuming  a  reasonable  pulse  to  pulse  stability.  For  the  opdeal 
efficiency  of  the  coilecdon  system  used  in  the  experiment,  signal  levels  of  the  order  of  10^  photons  per  laser 
pulse  should  be  detected  assuming  a  number  density  of  10*^  cm'^,  a  Raman  cross  secdon  of  10’^  cm^  and  a 
laser  pulse  energy  of  60  mJ  at  the  excitadon  wavelength  of  4880  A.  In  practice  however,  such  signal  levels 
have  not  been  observed  for  reasons  that  remain  to  be  idendfied. 

The  fluorescence  of  iodine  vapor  induced  by  electron  impact  was  also  invesdgated.  We  have  used  a 
20  kV  electron  beam  to  excite  iodine  vapor  contained  in  a  stadc  cell  at  a  pressure  of  200  mTorr.  Very  little 
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fluorescence  (compared  to  the  N2*  1“  negadve  system  under  similar  conditions)  could  be  observed  from  the 
resulting  transitions.  We  believe  that  the  exciDdon  caused  by  electron  impact  resulted  in  a  large  amount  of 
dissociadon  and  very  few  bound-bound  iransidons  between  the.¥and.S  state,  thus  inhibiting  fluorescence  at 
visible  frequencies. 


At  the  present  dme,  the  most  promising  technique  for  probing  the  internal  energy  state  populations 
of  the  iodine  molecule  seems  to  be  laser  induced  fluorescence.  This  techidque  has  the  advantage  of  provid¬ 
ing  strong  signal  levels.  Indeed,  typical  laser  induced  fluorescence  cross  sections  are  of  the  order  of  3.5  10'*^ 
cm*  for  pumping  at  5 145  as  opposed  10'^  cm^  for  a  Raman  transition  assuming  excitation  at  4880 
However,  fluorescent  signals  are  by  no  means  a  direct  measurement  of  internal  state  populations.  Signal 
intensities  are  complicated  to  interpret  due  to  quenching  issues  and  rely  heavily  not  only  on  the  correct 
determination  of  Franck-Condon  factors^  but  also  require  for  accurate  results  knowledge  of  the  variation  of 
the  electronic  transition  probability  with  vibrational  quantum  number.  Because  the  technique  discussed  here 
requires  the  pumping  frequency  to  be  in  resonance  with  a  wide  variety  of  the  absorbing  transitions,  we  have 
used  an  excimer  pumped  tunable  dye  laser  with  the  experiment  done  in  a  pulsed  mode.  Figure  16  shows  one 
spectral  scheme  we  have  selected  to  probe  the  v”  =  2  level  of  the  I2  molecule’s  X  state.  Also  shown  is  the 
present  laser  line  shape  which  has  a  full  width  at  half  maximum  of  approximately  0.2  cm'*  or  0.05  A.  Since 
ail  the  transitions  under  the  laser  profrle  involve  the  2"**  vibrational  level  of  the  ground  state,  it  is  reasonable 
to  expect  that  the  latter  may  be  successfully  probed  assuming  that  the  convolution  of  laser  and  absorption 
lineshapes  can  be  computed.  Figure  17  shows  the  absorption  spectrum  of  the  iodine  molecule  in  the  vicinity 
of  5145  XJ  with  the  laser  profile  position  chosen  to  probe  the  0'*’  vibrational  level  of  theX  state.  In  this  case, 
we  would  like  to  pump  the  (0”-43’)P13/R15  transition  exclusively.  Unfortunately,  the  overlap  of  the  laser 
profile  with  the  (r-58’)R98  and  (1”-50’)P46  transitions  seriously  complicates  the  detennination  of  the 
population  of  interesL  Pumping  of  a  single  transition  appears  possible  by  narrowing  the  laser  linewidth  to 
0.05  cm'^  which  requires  the  use  of  an  incracavity  etalon  in  the  dye  laser. 

The  wavelengths  of  a  large  number  of  absorption  lines  have  been  cataloged  for  iodine^  but  not 
identified.  Identifications  do  exist  near  commonly  used  laser  frequencies.^  However  the  lack  of  extensive 
identifications  is  a  difficulty  that  will  have  to  be  remedied  before  a  complete  picture  of  vibrational  and  rota¬ 
tional  populations  are  possible  from  fluorescence  measurements. 


Issues  such  as  quenching  and  saturation  have  to  be  addressed  when  dealing  with  laser  induced  fluo¬ 
rescence.  For  pulsed  pumping  and  using  a  simple  2  level  model,  the  upper  state  population  N2  is  described 
by 
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where  Ep{x)l(A.x)  is  the  laser’s  instantaneous  intensity,  A  is  the  beam  cross  section,  the  energy  per 
pulse  (typically  60  mJ)  and  r  is  the  pulse  duration  of  28  nsec.  The  laser  intensity  is  kept  as  a  function  of 
physical  space  because  we  may  need  to  consider  beam  attenuation.  Equation  (2)  indicates  that  the  upper 
state  population  depends  on  two  competing  effects:  1)  a  laser  pumping  rate  which  is  a  function  of  the  lower 
state  population  Ni ,  the  absorption  linestrength  B 12,  the  laser  lineshape  g(v)  and  intensity  I{tjc)  (c  is  the 
speed  of  light).  2)  a  term  depopulating  the  upper  level,  depending  on  the  stimulated  emission  linestrength 
B21 .  a  spontaneous  emission  term  (A2i)  and  a  collisional  quenching  term  (/?2i)-  appears  in  the 

depopulating  factor  to  account  for  molecules  being  pumped  out  of  level  2  but  not  repopulating  the  bottom 


level,  thus  resulting  in  a  nei  depletion  of  the  probed  level’s  population.  Taking  5 12  =  4  10**  J‘*  sec'^M^i 

=  5  10^  sec'*,  and  a  coUisional  cross  secuon  of  7.8  A~,*^  and  assuming  typical  experimental  conditions,  the 
laser  pumping  term  can  be  estimated  at  10^*  sec'*m'^  which  is  about  6  orders  of  magnitude  larger  than  the 
sum  of  the  spontaneous  decay  and  quenching  term.  This  would  indicate  that  the  upper  level  population  is 
saturated  and  reaches  a  steady  state  valuelV2“*  =  ^U(=oy(l+8i/S2)»'*'*'®™Si  and  52  ^re  the  lower  and  upper 
level  statistical  weights  respectively.  To  calculate  the  pumping  rate  discussed  above,  the  sums  in  eq.  (2)  were 
replaced  by  single  terms.  The  quenching  rate  was  computed  for  the  worst  possible  case  at  a  pressure  of  1 
Atm  and  a  temperature  of  1000  K.  The  time  it  takes  N-^  to  reach  90%  of  its  saturated  value  can  be  calculated 
with 


-ln(O.l)  Act 


(3) 


A  typical  response  time  is  of  the  order  of  picoseconds  which  would  appear  instantaneous  on  the  time  scale  of 
the  laser  pulse.  For  our  purpose,  saturation  is  desired  because  it  has  the  advantage  of  making  fluorescence 
insensitive  to  pulse  to  pulse  fluctuations.  However,  saturation  may  be  difficult  to  achieve  due  to  transitions 
that  would  depopulate  the  upper  level  such  as  multiple  photon  excitations,  photo-dissociation  or  dissociative 
quenching  reactions.^'^'* 


When  the  laser  pulse  ends,  the  fluorescence  decays  as 


(/(f)) 


N,{0 


(4) 


where  if  the  upper  level  is  saturated.  otN-iiQ*)  =  NxB  i2g(v)Ep/(A-c)  if  weak  laser  pumping  is 

applied.  In  both  cases,  the  signal  at  (f  s  0)  is  proportional  to  the  lower  state  population  Nx  even  though  the 
decay  rate  becomes  independent  of  Nx  if  quenching  dominates  spontaneous  decay.  In  other  words  the  maxi¬ 
mum  of  a  fluorescence  time  trace  is  proportional  to  the  lower  level  population  independent  of  quenching.  Of 
course  the  signal  integrated  over  all  time  may  be  independent  of  the  lower  state  population  if  quenching 
dominates  spontaneous  emission.  The  unquenched  (r = 0)  signal  may  be  used  to  measure  the  relative  popula¬ 
tions  of  different  vibrational  states  at  several  positions  on  the  axis  of  the  firee  jet  expansion. 


7.  Initial  results 

Figure  18  shows  a  typical  time  trace  of  the  fluorescence  signal  detected  2  orifice  diameters  downstream  of 
the  jet  exit  plane.  The  laser  was  tuned  to  5145  A  and  fluorescence  was  observed  at  5260.25  A  with  a  resolu¬ 
tion  of  1  A.  For  this  particular  experiment  the  stagnation  trmperature  was  700  K  and  the  stt^ation  pressure 
was  200  Torr.  The  time  trace  was  obtained  by  scanning  a  100  nsec  gate  across  the  fluorescent  time  profile 
and  averaging  the  signal  over  10  pulses.  The  laser  repetition  rate  was  10  Hz.  Similar  traces  were  recorded  for 
different  flow  conditions.  A  stagnation  temperature  of  973  K  and  stagnation  pressure  of  10  Torr  were 
selected  to  extend  the  jet  run  time.  To  determine  the  peak  signal  at  t  =  0  the  decaying  fxrrtion  of  the  time 
traces  were  best  fit  with  an  exponential  funcdoa  Time  t  =  0  was  arbitrarily  chosen  at  the  center  of  the  laser 
pulse.  Probing  was  performed  at  z  =  2. 3  and  4  orifice  diameters  downstream  of  the  exit  plane,  on  the  plume 
centerline.  The  recorded  peak  signals  are  listed  in  Table  4  and  were  found  to  decreases  as  z'^.  Because  this  is 
consistent  with  number  density  predictions  in  free  jet  expansions,*^  the  peak  signal  does  indeed  seem  to  be 
independent  of  quenching.  The  signal  decay  rate  indicates  whether  collisional  deexcitation  of  the  upper  level 
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prevails  over  radiative  decay.  Lifetimes  based  on  a  Me  signal  decay  are  listed  in  Table  4  and  are  found  to 
increase  as  z  increases  which  is  consistent  with  the  fact  that  at  positions  further  downstream  the  number  den¬ 
sity  and  temperature  decrease,  thus  reducing  the  number  of  quenching  events.  The  transition’s  lifetimes  are 
of  the  order  of  hundreds  of  nanoseconds,  while  the  radiative  lifetime  for  the  transiuons  observed  is  2  ptsec.'^ 
This  would  indicate  that  collisional  deexciiadon  is  still  effective  at  the  probe  posidons. 


z 

Fluorescent  signal 
(mV) 

Lifedmes 

(nsec) 

Temperature 

(K) 

Number 
density  (cm'^) 

2 

lAA 

250 

402 

1.2  10‘'' 

3 

24.5 

415 

284 

3.7  10‘^ 

4 

7.85 

619 

229 

1.7  10** 

Table  4  ;  Fluorescent  signal  level  for  several  normalized  axial  posidons 


Probing  the  v”  =  0,1,2  vibradonal  levels  of  the  X  )  state  was  attempted  using  the  scheme 
mentioned  in  Secdon  6.  Signal  levels  recorded  were  reasonable  but  as  indicated  in  Figures  16  and  17  the 
laser  linewidth  of  0.2  cm'^  was  found  to  be  too  wide  to  enable  pumping  of  a  single  transidon  at  a  dme,  thus 
making  the  determinadon  of  single  level  populadons  impossible.  The  use  of  a  narrower  laser  line  of  0.04 
cm  '  is  planned  in  the  near  future.  As  mendoned  earlier,  the  number  of  photons  available  per  pulse  would 
indicate  that  the  upper  level  being  pumped  by  the  laser  is  saturated,  thus  making  the  measurement  indepen¬ 
dent  of  laser  power  flucmadons.  In  practice  however,  the  upper  level  was  not  saturated  because  a  decrease  in 
laser  power  by  a  factor  of  3  resulted  in  a  similar  decrease  in  fluorescent  signal.  This  indicates  that  the  upper 
level  population  is  being  depleted  by  traiisidons  ending  in  states  other  than  the  lower  state  (i.e.  the  term  P-^ 
in  Equadon  (2)  is  non  negligible).  Muldple  photon  exciiadon  of  Ii  resulting  in  dissociadon  and  ionizadon  of 
the  molecule  has  been  reported  in  a  number  of  studies^'*’^®  for  a  wide  range  of  excitadon  wavelengths  (3600 
to  6000  A).  These  studies  were  performed  with  unable  pulsed  lasers  at  power  levels  20  times  smaller  than 
the  powers  used  for  the  present  work.  For  this  reason,  photo-dissociadon  and  ionizadon  of  the  probed  mole¬ 
cule  seem  to  be  a  plausible  mechanism  for  depopulating  the  upper  level,  thus  preventing  saturadon.  Work  is 
proceeding  on  examining  these  issues. 

8.  Summary 

We  are  developing  a  hypersonic  wind  tunnel  in  which  reacting  nonequilibrium  flows  can  be  studied.  A  pilot 
tunnel  has  been  operated  successfully  and  is  being  used  to  develop  opdeal  diagnosde  techniques.  Condnuum 
resonance  Raman  scattering  has  been  invesdgaied  to  probe  the  internal  energy  populadon  distribuuons 
within  the  flow,  but  signal  levels  seem  to  be  too  weak  to  allow  an  accurate  descripdon  of  energy  state  popu¬ 
ladons.  Electron  beam  fluorescence  was  tested  on  iodine  vapor  contained  in  a  stadc  cell.  Resulting  excitadon 
transiuons  appear  to  dissociate  or  ionize  the  probed  gas,  but  did  not  excite  strong  fluorescence  comparable  to 
nitrogen.  The  most  promising  diagnosde  technique  appears  to  be  laser  induced  fluorescence.  Preliminary 
probing  of  the  first  three  vibradonal  levels  of  the  iodine  molecules  within  a  supersonic  flow  has  been  tested. 
The  technique  needs  to  be  improved  with  the  use  of  a  moderately  narrower  excitadon  line.  Finite  rate  chem¬ 
istry  calculadon  indicate  that  the  nozzle  flow  will  be  close  to  equilibrium  and  that  significant  chemistry  takes 
place  within  1  cm  behind  the  normal  shock  wave  at  the  nozzle  exit  condidons. 
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11.  Figure  caption 

Figure  1;  Schematic  of  pilot  scale  hypersonic  wind  tunnel. 

Figure  2:  Phase  diagram  of  iodine  with  the  facility  cycle  superimposed. 

Figure  3:  Photograph  of  a  free  jet  expansion  of  pure  iodine  vapor  a)  high  background  pressure  b)  low  back¬ 
ground  pressure. 

Figure  4;  Photograph  of  flowfield  around  a  cylindrical  blunt  body. 

Figure  3:  Time  trace  of  fluorescence  at  an  axial  position  of  25  orifice  diameters  downstream  of  the  orifice 
exit  plane. 

Figure  6:  Top  view  of  experimental  senip. 

Figure  7:  Photograph  of  iodine  condensate  on  test  section  optical  port. 

Figure  8:  Nozzle  throat  cross-section. 

Figure  9:  a)  Mach  number,  b)  Pressure,  c)  Temperature,  d)  Degree  of  dissociation  vs.  Area  ratio  Predictions 
based  on  finite  rate  chemistry. 

Figure  10:  Static  pressure  in  the  nozzle  flow  and  iodine  vapor  pressure  vs.  temperature. 

Figure  11:  Finite  rate  chemistry  calculation  of  degree  of  dissociation  a)  and  temperature  b)  across  a  normal 
shock  wave. 

Figure  12:  Schematic  of  the  full  scale  iodine  facility. 

Figure  13:  Pressure  temperature  diagram  for  the  full  scale  tunnel  operation  cycle. 

Figure  14:  Cross-sectiaa  of  the  condensation  pump. 

Figure  IS:  Raman  spectrum  of  the  first  vibrational  overtone  of  stagnant  iodine  contained  in  the  test  sec  Jon  at 
room  temperature. 

Figure  16:  Absorption  spectrum  of  the  iodine  molecule^  around  5288  A  with  present  laser  profile. 

Figure  17:  Absorption  spectrum  of  the  iodine  molecule^  around  5145A  with  present  laser  profile. 

Figure  18:  Time  trace  of  fluorescence  with  pulsed  pumping  at  5145A. 
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Figure  S:  Tune  trace  of  fluorescence  at  an  axial  position  of  25  orifice  diameters  downstream  of  the  orifice 
exit  plane. 
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Figure  6:  Top  view  of  experimental  setup. 


Figure  8:  Nozzle  throat  cross-secdon. 
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Figure  18:  Time  trace  of  fluorescence  with  pulsed 
pumping  at  5 145  A. 
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Figure  17:  Absopdon  spectrum  of  the  iodine  molecule^  around  5145A  with  present  laser  profile. 
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Abstract 


Nonequilibnum  flows  arc  imponant  phenomena  in  many  technological  and  nat'c- 
ral  settings.  In  this  study,  a  representative  gas  is  used  to  validate  models  and  com.- 
puter  simulations  describing  nonequilibrium  flows  of  diatorriic  miolecuies.  One 
way  to  study  the  physics  of  such  flows  is  to  generate  a  chemically  reacting  hyper¬ 
sonic  flow  of  pure  iodine  vapor  and  to  probe  the  internal  energy  population  distri¬ 
butions  within  this  flow.  For  the  purposes  of  this  study  the  properties  of  a  free  jet 
expansion  impinging  on  a  disk  were  examined.  This  thesis  is  mainly  experimental 
and  is  composed  of  two  parts:  1)  Development  of  a  pilot  scale  hypersonic  flow  fa¬ 
cility  operating  with  pure  iodine  as  a  working  gas.  The  wind  tunnel  has  run  times 
of  approximately  1/2  hour  and  operates  on  a  semi-continuous  basis.  The  stagna¬ 
tion  conditions  are  such  that  significant  internal  energy  excitation  can  be  achieved 
in  the  flowfields  generated  by  the  facility.  Issues  regarding  the  design  of  t'^  ’  wind 
tunnel,  corrosion  resistance  and  appropriate  operating  procedures  are  aiscussed. 
2)  Development  of  a  diagnostic  technique  to  probe  the  internal  energy  state  pop¬ 
ulation  distributions  within  the  nonequilibrium  flows.  Transient  Laser  Induced 
Fluorescence  (TLIF)  was  selected  for  detailed  study.  Both  rotational  and  vibra¬ 
tional  distribution  functions  have  been  measured  at  different  positions  along  the 
free  jet  expansion’s  center  axis  for  different  stagnation  pressure  and  temperature 
conditions. 
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Chapter  1 


Introduction 

1.1  Background  and  motivations 

Highly  nonequilifariura,  chemically  reacting,  radiating  gas  flows  are  observed  in 
numerous  natural  phenomena  as  well  as  technological  settings.  Of  particular  in¬ 
terest  to  the  aerospace  engineering  community  are  the  problems  associated  with 
the  significant  thermal  and  chemical  nonequilibrium  effects  encountered  in  Lhe 
flow  over  a  large  ponion  of  the  NASP  flight  corridor--  and  more  generally  the  se¬ 
vere  nonequilibrium  chemistry  which  occurs  in  the  flowfields  of  a  spacecraft  en¬ 
tering  Eanh's  or  other  planets’  atmosphere.  Also  of  interest  to  the  engineering 
community  are  nonequilibrium  phenomena  encountered  in  material  processing 
schemes  such  as  the  growth  of  films  by  cluster  or  plasma  assisted  deposition,  the 
kinetics  of  gases  within  micromechanisms,  plasma  containment  flowfields  en¬ 
countered  in  rapid  energy  release  fusion  schemes,  chemical  rocket  and  electric 
propulsion  engine  exhaust  plumes,  plasma  rail  guns  and  high  power  gas  discharg¬ 
es.  In  nature,  highly  nonequilibrium  reacting  flows  occur  in  stellar  coronas,  flow- 
fields  around  comets  and  meteorites,  and  other  astrophysical  plasmas. 

The  development  of  Navier-Stokes  and  Direct  Simulation  Monte-Carlo 
(DSMC)^  computational  techniques  for  the  prediction  of  nonequilibrium  flows, 
has  stimulated  efforts  to  establish  their  validity  for  a  wide  range  of  flow  condi¬ 
tions.  Kinetic  models  for  nonequilibrium  flows  are  usually  extremely  complex  be¬ 
cause  the  number  of  atomic  and  molecular  processes  occurring  in  the  gas  is 
significant,  and  transition  probabilities  are  either  inaccurate  or  unknown.  A  criti- 
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cal  need  to  validate  both  analytical  and  computational  prediction  techniques  is 
presently  being  felt  because  of  the  increasing  interest  and  activity  in  phenomena 
involving  nonequilibrium  gas  flows. 

Detailed  agreement  is  needed  between  laboratory  scale  experiments 
and  theory  or  computational  techniques  before  predictions  can  be  considered  suf¬ 
ficiently  reliable  to  expand  their  usefulness  in  applications  to  flight  or  industrial 
scales.  The  prediction  of  low-energy,  viscous,  mrbulent  flowfields  has  traditional¬ 
ly  been  approached  with  the  use  of  ideal  gas  computations  calibrated  and  validated 
by  sub-scale  experiments.  Flight  scale  performances  can  then  be  determined  by 
extrapolation  using  scaling  laws  based  on  Mach  and  Reynolds  number.  Similar 
scaling  for  nonequilibrium  reacting  phenomena  is  extremely  difficult  except  for 
very  simple  cases.  Any  extrapolation  from  laboratory  models  to  flight  scales  must 
be  made  on  the  basis  of  sufficient  knowledge  of  the  detailed  atomic  and  molecular 
characteristics  such  as  internal  energy  distributions  and  transfers  that  are  crucial 
for  the  description  of  nonequilibrium  flows.  Validation  on  a  laboratory  scale  of 
prediction  schemes  based  on  basic  physical  inputs  such  as  transition  probabilities 
and  intermolecular  potentials,  will  permit  application  of  these  techniques  for  pre¬ 
dicting  flight  scale  flow  properties.  Significant  progress  in  the  fields  of  transatmo- 
spheric  flight,  processing  of  advanced  materials  and  the  fundamental  physics  of 
nonequilibrium  flow  phenomena  may  be  expected  if  validations  of  prediction 
schemes  become  available. 

The  work  described  here  is  primarily  experimental  and  is  aimed  at 
probing  the  internal  energy  state  population  distributions  in  a  far  from  equilibrium 
chemically  reacting  gas  flow.  To  achieve  detailed  probing  of  the  energy  states,  a 
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flow  facility  with  relatively  long  flow  times  is  required.  The  many  drawbacks  en¬ 
countered  in  transient  facilities  such  as  shock  tubes  and  tunnels  may  be  avoided 
by  experimenting  in  a  wind  tunnel;  for  example,  flow  propeny  measurements  re¬ 
quiring  relatively  long  integration  times  such  as  the  measure  of  molecular  velocity 
distribution  functions  with  the  electron  beam  fluorescence  technique  investigated 
by  Muntz''  is  difficult  to  perform  in  anything  but  a  continuous  flow  facility.  More 
generally,  fluorescence  or  light  scattering  measurements  requiring  scanning  across 
a  cenain  frequency  spectrum,  may  it  be  performed  with  a  spectrometer  or  an  eta- 
lon,  requires  that  the  observed  flow  properties  remain  uniform  for  dme  intervals 
of  the  order  of  minutes.  Some  steady  state  quantities  of  nonequilibrium  flows  such 
as  shock  wave  density  and  temperature  profiles  are  more  conveniently  measured 
in  wind  tunnels  because  the  boundary  conditions  of  the  shock  is  easily  controlled 
in  such  experiments,  while  the  measurement  of  the  same  quantities  in  shock  tubes 
is  often  times  affected  by  the  non-steady  nature  of  the  experiment.*  Therefore,  in 
view  of  the  unavoidable  disadvantages  encountered  in  transient  facilities,  a  semi- 
continuous  prototype  hypersonic  wind  tunnel  has  been  developed  to  operate  on  io¬ 
dine.  This  project  was  intended  to  serve  as  proof  of  the  concept  that  such  a  facility 
can  indeed  operate  with  reliability  as  well  as  provide  the  oasis  for  the  design  of  a 
larger  scale  wind  tunnel  for  the  study  of  nonequilibrium  reacting  gas  flows.  The 
study  described  here  is  composed  of  two  pans; 

1)  Design  of  a  pilot  scale  hypersonic  wind  tunnel  including  investigation 
of  the  appropriate  materials  as  well  as  manufacturing  procedures,  and  im¬ 
portantly  a  study  of  optimal  operating  procedures.  The  pilot  scale  facility 
has  been  used  as  the  foundation  for  the  design  of  a  larger  scale  wind  mnnei. 
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2)  Developraenr  and  application  of  a  diagnostic  :echnique  lo  probe  the  aon- 
equilibrium  flows  obtained  in  the  pilot  scale  facility.  Both  vibrational  and 
rotational  relative  population  distributions  are  measured  by  means  of 
pulsed  laser  induced  fluorescence. 

A  previous  study  performed  by  Kune  et  al}  has  established  that  molec¬ 
ular  iodine  {Lj  can  be  conveniently  used  as  a  working  gas  to  achieve  significant 
rotational  and  vibrational  excitation  as  well  as  dissociation,  by  heating  the  gas  to 
temperatures  easily  achieved  in  a  laboratory.  The  relatively  low  temperatures  at 
which  significant  internal  modes  of  the  iodine  molecule  may  be  excited  and  the 
desirable  long  flow  times  are  the  reasons  for  the  use  of  a  wind  tunnel  operating 
with  iodine  as  a  working  gas  and  in  a  semi-continuous  regime,  allowing  for  run 
times  of  approximately  30  minutes.  The  iodine  molecule  has  rotational  and  vibra¬ 
tional  states  which  are  relatively  easy  to  populate  by  heating  the  gas  to  tempera¬ 
tures  of  the  order  of  1000  K.*  Because  of  this,  the  iodine  molecule  has  been  the 
object  of  numerous  and  extensive  studies  aimed  at  analyzing  its  spectral  properties 
under  various  temperature  and  pressure  conditions.'^''^  In  these  studies,  pure  iodine 
contained  in  a  static  cell  was  probed  with  either  laser  induced  fluorescence  or  Ra¬ 
man  scattering  techniques.  More  recent  investigations'^  '*  have  examined  rotation¬ 
al  and  vibrational  energy  transfers  in  supersonic  flows  of  carrier  gases  seeded  with 
iodine.  Iodine  as  a  seed  in  gas  flows  is  a  widely  used  technique;  it  allows  measure¬ 
ment  of  the  temperature  and  density  of  a  carrier  gas  (usually  nitrogen)  by  laser  in¬ 
duced  fluorescence'*  provided  the  energy  exchange  between  the  carrier  gas  and  the 
seed  is  efficient  and  that  the  densities  are  low  enough  so  that  quenching  effects  are 
negligible.  Research  on  the  energy  level  populations  of  chemically  reacting  flows 
of  pure  iodine  has  to  our  knowledge  never  been  performed,  although  there  are  sev- 
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eral  measurements  of  velocity  distribution  functions  penormed  on  flows  of  evap¬ 
orating  iodine,-*  and  more  recently,  a  comprehensive  study  of  vibrational  energy 
dismbuiions  of  iodine  molecules  within  iodine  chemical  laser  injectors  has  been 
conducted.'- 


The  convenient  spectral  properties  of  iodine  in  principle  allow  very  ac¬ 
curate  and  derailed  measurements  of  the  energy  state  populations  of  the  excited 
iodine  gas.  In  the  context  of  this  study,  probing  by  means  of  Transient  Laser  In¬ 
duced  Fluorescence  (TLIF)  sometimes  called  pulsed  discrete  resonance  Raman 
scattering, is  investigated;  in  panicular,  this  study  focuses  on  measuring  relative 
rotational  and  vibrational  population  distributions  within  the  flowfield  of  a  free  jet 
expansion  of  iodine  vapor  impinging  on  a  disk.  This  particular  experimental  case 
enables  the  study  of  both  the  expansion  and  compression  regions  of  the  flowfield. 

The  corrosive  and  toxic  nature  of  iodine  at  the  typical  temperamres  en¬ 
countered  in  the  flow  system  studied  here  is  one  of  the  major  parameters  driving 
the  design  of  the  flow  facility  and  presents  several  technological  challenges;  its 
impact  on  the  materials  used  in  the  wind  tunnel  components,  panicular  manufac¬ 
turing  principles,  safety  precautions  and  operating  procedures  were  investigated 
in  this  smdy. 

Major  improvements  are  expected  in  computing  memory  and  speed 
within  the  next  decade,  for  this  reason,  a  prediction  technique  such  as  the  Direct 
Simulation  Monte  Carlo  method  (DSMC)^  which  is  based  on  a  particulate  ap¬ 
proach  for  the  description  of  nonequilibrium  flows  in  rarefied  regimes  looks  very 
promising.  The  present  treatment  of  chemistry  and  inelastic  collisions  by  the 
DSMC  technique  assumes  small  departures  from  thermodynamic  equilibrium,'’ 
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this  assumption  may  be  valid  for  the  roiadonal  energy  of  the  simulated  molecules 
but  is  certainly  unrealistic  for  vibrational  and  electronic  excitation.  In  the  present 
work,  we  investigate  the  relaxation  of  both  rotational  and  vibrational  degrees  of 
freedom  in  a  nonequilibrium  flow  of  iodine.  The  initial  information  acquired  in  the 
investigation  will  be  the  basis  for  more  extensive  studies.  These  will  not  only  heip 
validate  or  improve  some  existing  prediction  techniques,  but  also  enable  determi¬ 
nation  of  the  prevailing  kinetic  processes  as  well  as  how  much  microkinetic  detail 
must  be  included  in  the  DSMC  and  Navier-Stokes  simulation  techniques  to  predict 
macroscopic  and  microscopic  nonequilibrium  flow  properties  with  arbitrary  accu¬ 
racy.  similar  approach  has  been  adopted  in  the  pan  for  monatomic  gases  and  has 
been  the  subject  of  several  papers.“~“  The  validation  procedure  applied  to  the  /; 
molecule  may  in  principle  be  applied  to  the  and  /V,  molecules  which  constitute 
the  bulk  of  the  species  in  the  Eanh's  upper  atmosphere.  The  present  work  will  con¬ 
tribute  to  the  larger  effon  taking  place  in  the  Aerospace  Engineering  department 
of  use  aimed  at  developing  and  validating  prediction  techniques  for  highly  non¬ 
equilibrium  reacting  flows  based  on  fundamental  physical  inputs  such  as  inter¬ 
atomic  potentials  and  transition  probabilities. 

1.2  Velocity  distribution  functions  for  low  stagnation  temperature  shock  waves 
The  approach  proposed  in  this  work  has  been  successfully  used  in  previous  studies 
for  the  validation  of  prediction  techniques  describing  the  properties  of  normal 
shock  waves  in  monatomic  gases.‘*"“  In  these  studies,  the  validation  was  based  on 
a  detailed  comparison  of  predicted  and  measured  velocity  distribution  functions. 
The  predictions  were  performed  by  DSMC  method  and  compared  to  velocity  dis¬ 
tribution  functions  measured  at  various  positions  within  normal  shock  waves  of 
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different  strengths. 


Molecular  velocity  distribution  functions  were  measured  using  the 
Electron  Beam  Fluorescence  (EBF)  technique^  across  normal  shock  waves  in 
flows  of  argon  and  helium  for  Mach  numbers  ranging  from  1.5  to  about  25.*^  -'*  The 
measurement  of  molecular  motion  with  the  EBF  technique  consists  of  spectrally 
resolving  with  a  Fabry-Peroi  etalon  or  a  spectrometer  the  intensity  profiles  of  the 
predominantly  Doppler- broadened  emission  lines  excited  by  an  electron  beam 
with  a  diameter  of  -  1  mm,  an  energy  of  20  KeV  and  an  intensity  of  approximately 
10  mA.  In  typical  continuous  steady-state  EBF  experiments,  the  electron  density 
in  the  probed  volume  is  small  enough  that  Stark  broadening  of  the  profiles  may  be 
neglected,  however  the  combination  of  instrument  and  lifetime  broadening  is  usu¬ 
ally  more  of  the  order  of  the  Doppler  broadening  and  thus,  cannot  be  ignored.  The 
spectral  profiles  obtained  by  such  a  technique  can  be  transformed  from  wave¬ 
length  or  frequency  space  to  velocity  space  using  the  Doppler  relation.  The  result¬ 
ing  profiles  are  actually  simple  moments  of  the  velocity  distribution  functions 
because  the  excitation  by  the  electrons  is  broad-band  and  the  velocity  is  resolved 
in  the  direction  of  the  optical  axis  of  the  detection  system  so  that  the  molecular 
motion  in  the  direction  normal  to  the  observation  axis  is  not  seen.  Figure  1  shows 
the  velocity  distribution  function  measured  with  the  EBF  technique  in  the  direc¬ 
tion  parallel  to  the  flow.  The  distribution  function  was  measured  across  a  normal 
shock  wave  in  helium  where  the  freestream  Mach  number  and  static  temperature 
were  25  and  1.5  K  respectively.  The  experiment  generating  the  shock  wave  was 
performed  in  a  low  density  wind  tunnel  and  has  been  described  in  a  previous  pub¬ 
lication.'*  The  particular  position  within  the  shock,  at  which  distribution  functions 
are  recorded  may  be  expressed  in  terms  of  the  normalized  number  density  n  across 
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the  shock  defined  as  /i  =  (n-n^)l(n^-n^),  where  the  subscripts  1  and  2  represent  the 
freestream  and  downstream  conditions  respectively. 


Figure  1:  Parallel  velocity  distribution  functions  for  a  nonnal  shock  wave  in  helium  atM  s  25  and  » 

0.285. 

The  distribution  function  shown  in  Figure  1  was  taken  at  n  =  0.285  and  were  peak 
normalized.  Of  interest  in  this  figure  is  the  bimodal  form  of  the  distribution  func¬ 
tion  where  an  equilibrium  upstream  distribution  “blends”  with  a  downstream  equi¬ 
librium  distribution  function  shifted  by  the  change  of  flow  velocity  across  the 
shock.  This  bimodal  character  of  the  distribution  functions  is  typical  of  nonequi¬ 
librium  flows  and  has,  to  our  knowledge  never  been  directly  observed  in  any  other 
study.  In  the  experiment  reported  here,  the  combination  of  instrument  and  lifetime 
broadening  was  small  and  equivalent  to  approximately  2  K.  The  corresponding  in¬ 
strument  profile  was  convolved  with  the  predicted  velocity  distribution  profiles 
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before  a  legitimate  comparison  to  the  experimental  data  could  be  made.  The  agree¬ 
ment  between  experiment  and  prediction  is  excellent,  in  panicular,  the  DSMC 

0 

method  seems  to  be  very  good  at  predicting  the  population  of  scattered  molecules 
with  velocities  intermediate  between  those  of  the  upstream  and  those  of  the  down¬ 
stream  equilibrium  distributions. 

When  the  DSMC  technique  was  originally  developed,’  it  treated  binar.’ 
collisions  between  simulated  molecules  as  variable  hard  sphere  scattering  (VHS) 
from  inverse  power  potentials  whose  parameters  were  determined  so  that  experi¬ 
mental  viscosities  could  be  reproduced  at  least  for  the  temperature  range  encoun¬ 
tered  in  the  shock.  The  DSMC  calculations  mentioned  here  are  based  on 
differential  scattering  from  the  Maitland-Smith  (Aziz)“  intermolecular  potential 
for  the  helium  atom  whose  distance  parameter  and  well  depth  are  2.976  A  and  10.9 
K  respectively.  The  cut-off  angle  below  which  a  molecular  interaction  was  not  tak¬ 
en  into  account  was  chosen  as  0. 1  rad.  The  value  of  this  cut-off  angle  was  shown 
to  have  some  minor  significance  in  the  prediction  of  distribution  functions.^  Al¬ 
though  the  differential  scattering  technique  described  here  is  computationally  less 
efficient  than  the  VHS  scattering  technique,  it  presents  the  advantage  of  being 
more  realistic  both  in  terms  of  the  simulated  molecules  and  the  mimicked  molec¬ 
ular  interactions.  Moreover,  it  was  shown  in  a  previous  publication”  that  the  mi¬ 
croscopic  properties  of  shock  waves  are  more  accurately  predicted  with 
differential  scattering  from  the  Maitland-Smith  potential  than  with  any  other  col¬ 
lision  simulation  schemes  currently  implemented  in  the  DSMC  technique. 

In  summary,  experiments  enabling  the  probing  of  microscopic  proper¬ 
ties  within  nonequilibrium  flows  such  as  velocity  distributions  functions  were  suc- 
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ccssiuily  performed  in  low  density  wind  tunnels. The  resulting  experimental 
data  were  used  by  a  number  of  studies**-^  as  a  benchmark  to  validate  a  modiiied 
version  of  the  DSMC  (VHS)  technique  for  the  prediction  of  microscopic  proper¬ 
ties  wirhin  normal  shock  waves  in  monatomic  gases.  These  validauons.  however, 
are  only  applicable  to  monatomic  gas  flows  at  relanveiy  low  temperatures;  for  the 
case  of  helium  at  Mach  25  and  argon  at  Mach  7  the  upstream  static  temperature 
was  1.5  K  and  16  K  respectively,  and  in  both  cases  the  stagnation  temperature  did 
not  exceed  300  K.  In  view  of  the  previous  success  measuring  and  validating  mi¬ 
croscopic  properties  of  flows  out  of  equilibrium,  an  attempt  to  extend  the  same  ap¬ 
proach  to  higher  temperature  diatomic  gases  seems  a  logical  following  step. 

1.3  High  temperature  gas  flow  measurements 
High  temperature,  nonequilibrium  gas  flow  diagnostics  have  traditionally  been 
made  in  shock  tube  and  tunnel  experiments  where  stagnation  temperatures  up  to 
several  thousand  degrees  K  may  be  reached.  Electron  beam  fluorescence,^  laser  in¬ 
duced  fluorescence  as  well  as  Raman  and  Rayleigh  scattering  techniques  have 
been  used  to  diagnose  macroscopic  properties  of  flows  generated  in  shock  mbes. 
Extensive  measurements  of  macroscopic  properties  such  as  shock  wave  thickness¬ 
es  have  been  the  object  of  numerous  studies,  the  culmination  of  which  may  be  rep¬ 
resented  by  density  measurements  made  with  the  electron  beam  attenuation 
technique  by  Alsmeyer.^  His  measurements  of  inverse  maximum  slope  thicknesses 
of  shock  waves  in  argon  for  Mach  numbers  ranging  from  1.75  to  about  11  are 
shown  in  Figure  2.  Maximum  slope  shock  thicknesses  have  traditionally  been  used 
to  characterize  the  size  of  shock  waves  in  rarefied  conditions,  they  are  often  times 
normalized  by  the  Chapman-Enskog  ffeestream  mean  free  path  defined  as 
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^  _  ]6  I  5  ^1 
^  5  ■g6jtpjaj 

where  Hi,  p.  and  a,  are  the  frecstream  viscosity,  density  and  speed  of  sound  respec¬ 
tively.  Also  shown  in  Figure  2  are  predictions  using  the  DSMC  technique  based 
on  differential  scattering  from  the  Maitland- Smith  (Aziz)^  potential  for  argon 
whose  well  depth  and  distance  parameters  are  141.55  K  and  3.756  A  respectively. 
As  may  be  noticed,  shock  thickness  predictions  are  relatively  accurate  for  Mach 
numbers  below  about  5,  while  an  increasing  discrepancy  between  the  predictions 
and  the  experimental  data  may  be  observed  for  Mach  numbers  above  5. 


MACH  NUUBSt 

Figure  2:  Inverse  maximum  shock  thickness  vs.  Mach  number  for  nonna.  shocks  in  argon  (Shock  tube 

expeiimems) 

This  disagreement  may  be  due  to  either  the  repulsive  part  of  the  Maitland-Smith 
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(Aziz)  potential  being  inaccurate  at  high  temperatures,  or  the  expenment  being 
questionable  at  higher  Mach  numbers.  A  previous  paper^  discusses  the  probable 
causes  for  the  disagreement  and  suggests  a  few  self  consistent  modifications  of  the 
intermolecular  potential  to  improve  the  prediction  technique.  These  modifications 
seemed  however,  not  adequate  to  yield  a  satisfying  agreement  between  experi¬ 
ments  and  predictions.  While  the  cause  of  the  discrepancy  still  remains  an  open 
issue,  it  seems  that  a  better  understanding  of  the  kinetic  processes  involved  in  high 
stagnation  temperature  shocks  may  cast  some  light  on  the  problem.  The  present 
study  is  aimed  at  developing  a  diagnostic  technique  that  would  allow  detailed 
probing  the  energy  state  populations  of  flows  in  nonequilibrium  which  in  mm  will 
provide  a  better  understanding  of  the  dominant  kinetic  processes  in  such  flows. 

In  shock  tube  experiments  as  well  as  in  wind  mnnel  experiments,  the 
determination  of  macroscopic  quantities  such  as  density  is  usually  nearly  instan¬ 
taneous  and  does  not  require  long  integration  times,  however,  fluorescent  signals 
are  in  some  cases  weak  enough  to  require  relatively  long  integration  periods  for 
the  determination  of  microscopic  properties  such  as  velocity  distribution  func¬ 
tions  or  energy  state  population  distributions.  The  transient  nature  of  shock  mbe 
experiments  usually  does  not  allow  probing  of  the  microscopic  properties  of  the 
flow  that  requires  averaging  times  of  the  order  of  seconds  while  typical  diagnostic 
windows  in  shock  tubes  are  more  of  the  order  of  psec  or  msec  at  best.  Consequent¬ 
ly,  if  microscopic  properties  of  an  out  of  equilibrium  flow  have  to  be  determined, 
it  seems  that  the  generation  of  such  flows  has  to  be  done  in  a  wind  mnnel  facility 
where  run  times  are  usually  of  the  order  of  tens  of  minutes  in  semi-continuous 
closed  facilities  or  even  several  hours  in  continuous  circuit  wind  tunnels.  In  addi¬ 
tion  to  the  relatively  long  flow  times,  wind  tunnel  experiments  have  the  advantage 


12 


of  providing  more  control  on  the  boundary  conditions  of  the  flow  and  thus,  have 
a  higher  degree  of  repeatability  than  shock  tube  exper.ments.  Several  attempts 
have  been  made  to  create  high  stagnation  temperature  sapersonic  flows  facilities^ 
operating  on  nitrogen,  but  results  from  these  investiganon  are  either  inconclusive 
or  not  yet  known.  The  concept  of  a  ’vind  tunnel  operating  on  iodine  has  been  mo¬ 
tivated  by  the  success  ot  the  past  and  above  mentioned  wind  tunnel  experiments 
for  the  probing  of  the  microscopic  properties  of  low  temperature  hypersonic  flows 
in  monatomic  gases  as  well  as  the  rather  advantageous  properties  of  iodine  at  rel¬ 
atively  low  temperatures.  To  our  knowledge,  the  only  accurate  measurements  of 
vibrational  and  rotational  level  distribution  functions  and  specie  concentrations  in 
high  speed  flows  have  been  obtained  from  wind  tunnel  facilities.  Very  recently, 
however,  measurements  of  nonequilibrium  vibrational  populations  in  nitrogen 
have  been  measured  in  shock  tubes  experiments  using  spontaneous  Raman  spec¬ 
troscopy.^’ 
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Chapter  2 


Choice  of  Iodine  as  a  Representative  Gas 

2.1  Properties  of  the  iodine  molecule 

During  the  reentry  of  transatmospheric  vehicles  such  as  the  NASP  or  the  STS  or- 
biier,  a  shock  will  typically  form  in  the  vicinity  of  the  hull.  The  temperatures  en¬ 
countered  behind  the  shock  at  an  altitude  of  approximately  50  km  are  typically  o 
the  order  of  4000  K  for  a  reentry  speed  of  4  km  sec‘‘.  .At  this  altitude,  the  number 
density  is  typically  1  torr  and  the  most  a'"mdant  species  are  molecular  oxygen  and 
molecular  nitrogen.  The  Mach  number  is  approximately  12  for  these  flight  condi¬ 
tions  resulting  in  a  pressure  behind  the  shock  of  about  200  torr.  Table  1  shows  a 
comparison  of  the  temperature  required  to  produce  about  50%  dissociation  in  io¬ 
dine,  nitrogen  and  oxygen.  Also  shown  in  Table  1  are  the  ratios  of  the  vibrational 
energy  spacing  AEv  to  the  average  kinetic  energy  (e)  =  (3/2)  kT.  As  may  be  no¬ 
ticed,  while  50%  dissociation  in  nitrogen  and  oxygen  is  achieved  at  temperamres 
of  about  4000  to  5000  K,  the  same  degree  of  dissociation  can  be  produced  by  heat¬ 
ing  iodine  to  approximately  1000  K.  The  ratio  (A£*r)  /(e)  is  an  indication  of  how 
close  the  average  kinetic  energy  of  the  molecules  are  to  the  internal  vibrational  en¬ 
ergy  spacing.  For  all  three  gases,  (e)  is  larger  than  the  energy  required  to  excite 
the  molecules  to  upper  vibrational  levels  resulting  in  significant  population  of  the 
vibrational  levels.  Since  the  value  of  (A£y.)  /(e)  is  smaller  for  iodine,  it  is  expect¬ 
ed  that  its  higher  vibrational  states  will  be  more  populated  than  the  corresponding 
vibrational  states  in  nitrogen  or  oxygen.  Consequently,  because  rotational,  vibra¬ 
tional  and  dissociative  excitation  of  the  iodine  molecule  can  be  achieved  at  lower 
temperatures  than  for  oxygen  or  nitrogen,  iodine  may  be  used  as  a  convenient  sur- 


rogate  diatomic  gas  for  the  study  of  chemically  reacting  gas  flows. 


1  Species  j 

1 

Temperature  (Kl 

<£>(eV) 

1  AEi-eV)  j 

( AE,'  )/<£> 

=  /:  P 

1340  1 

0.17  1 

I  0.026  ! 

0.15  i 

>-  i 

1 

5400 

0.69 

0.292  i 

0.42  i 

1  O2 

3530 

0.45 

0.195  i 

0.43  1 

Table  1;  Thermal  equllibnum  properties  of  iodine,  nitrogen  and  oxygen  for  a  degree 
of  dissocanon  of  50%  and  a  pressure  of  2(X)  Torr. 


2.2  Spectroscopic  constants  of  the  iodine  molecule 

Table  2  summarizes  some  spectroscopic  constants  of  the  iodine  molecule  in  the 
*  ,  V'  =  0)  state,^°  which  might  be  useful  in  the  determination  of  gas  prop- 
enies  as  well  as  computation  of  approximate  transition  energies. 


Symbol 

Description 

Units 

values 

M 

Molecular  weight 

g  mol’' 

253.8 

CO, 

Vibrational  constant 

cm-' 

214.57 

Vibrational  constant 
(1“  unharmonicity) 

cm"' 

0.61 

Vibrational  constant 
(2"^  unharmonicity) 

cm’' 

-0.000895 

Roudonai  constant 

cm’' 

0.037 

a. 

Vibrarion-rotadon  constant 

cm"' 

0.000117 

r. 

Equilibrium  intemuclear 
distance 

k 

2.666 

Do 

Molecular  dissociadon 
energy 

eV 

1.54 

E^, 

Excitadon  energy  of  the  1“ 
electronic  level  (5’IXi) 

eV 

5.09 

Table  2:  Spectroscopic  constants  of  the  iodine  molecule  (Hertzberg^®). 
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Symbol 

Description 

Umts 

values 

E..Z 

Excitation  energy  of  the  2* 
electronic  level 

ev’ 

9J1 

Molecular  ionization 
energy 

eV 

9.31 

0, 

Characteristic  rotational 
temperature 

K 

0.053 

0v 

Characteristic  vibrational 
temperature 

K 

308 

0. 

Characteristic  dissociation 
temperature 

K 

17894 

Table  2;  Specnxjscopic  constants  of  the  iodine  molecule  (Henzberg^“). 


One  may  note  that  the  iodine  molecule  is  relatively  large  and  heavy  compared  to 
the  nitrogen  or  oxygen  whose  interatomic  separation  is  more  of  the  order  of  1  A. 

Table  3  shows  a  few  propenies  of  the  iodine  gas  in  equilibrium  at  a  tem¬ 
perature  of  1000  K.  This  particular  temperature  was  chosen  to  correspond  to  a 
temperature  conveniently  obtained  in  laboratory. 


Symbol 

Description 

UniK 

Values 

4 

Most  probable  rotational 
quantum  number 

dimensionless 

95 

A£/ 

Energy  gap  between  rota¬ 
tional  levels  /p  and  /p+1 

cV 

0.0009 

Energy  gap  between  the 
ground  and  1“  vibrational 
level 

eV 

0.026 

<£> 

Mean  translational  enei^ 

eV 

0.08 

k 

Ratio  of  number  of  mole¬ 
cules  inK=ltoV'  =  0 
vibrational  level 

dimensionless 

0.73 

Table  3;  Iodine  properties  at  1000  K 
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1  Symbol 

1 

Description 

Units 

Values  j 

i  y 

Degree  of  dissociation 

dimensionless 

I 

n  ~  10‘‘cm'^ 

1 

0.65 

n  =  10* ’cm*^ 

0.03  1 

X 

Degree  of  ionization 

dimensionless 

1  1 

n  =  10‘*cm‘^ 

3.6  10-  1 

i  ' 

n  =  10*’cm'^ 

1.9  10-^2 

Table  3:  Iodine  properaes  at  1000  K 


Noting  that  the  most  probable  rotational  quantum  number/^  equals  95,  it  may  be 
remarked  that  significant  rotational  excitation  of  the  iodine  molecule  is  easily 
achieved  at  1000  K.  This  is  because  the  typical  energy  gap  between  levels  and 
7^*1,  lEj  equals  0.0009  eV  while  the  average  translational  energy  <£>  at  1000  K 
is  about  2  orders  of  magnitude  larger.  Vibrational  excitation  is  also  significant  at 
the  temperature  considered  here  since  the  average  translational  energy  is  of  the 
same  order  as  the  energy  gap  between  the  ground  and  1“  vihrational  level;  the  ratio 
X  of  the  number  of  molecules  in  the  V  =  1  to  V  =  0  vibrational  level  is  indeed  of 
the  order  of  unity.  The  degree  of  dissociation  at  1000  K  may  be  obtained  using  the 
law  of  mass  action  assuming  that  the  gas  is  in  complete  thermal  equilibrium.  More 
details  on  the  determination  of  the  degree  of  dissociation  for  a  given  temperature 
is  covered  in  Section  4.3.  For  the  temperature  (1000  K)  and  pressure  (1  Atm  or  n 
=  lO^’cm'^)  of  interest  here,  one  may  note  that  the  degree  of  dissociation  is  about 
3%  while  the  degree  of  ionization  determined  by  the  Saha  relation  and  taking  into 
account  the  contribution  of  atomic  and  molecular  ionization  is  of  the  order  of  10* 
Compared  to  another  halogen  gas  such  as  chlorine,  the  energy  levels  of  the  io¬ 
dine  molecule  are  more  easily  populated.  For  example,  at  1000  K  the  most  prob¬ 
able  rotational  quantum  number  for  chlorine  is  37  as  opposed  to  95  for  iodine;  the 
ratio  K  for  chlorine  is  44%  while  it  is  73%  for  iodine  and  the  degree  of  dissociation 
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expected  at  1  Atm  for  chlorine  is  0.0024%  compared  :o  3%  for  iodine. 

To  summarize,  the  decision  to  use  iodine  as  ’  vorking  gas  is  mainly  jus¬ 
tified  by  the  fact  that  rotational  and  vibrational  levels  of  the  iodine  molecule  can 
be  populated  at  temperatures  easily  reachable  in  laboratory.  The  temperature  of 
concern  here  is  approximately  1000  K  where  it  is  expected  that  significant  rota¬ 
tional  and  vibrational  excitation  of  the  molecule  will  occur  and  this,  in  turn,  will 
enable  the  study  of  rotational  and  vibrational  relaxation  or  nonequilibrium  phe¬ 
nomena.  At  least  3%  dissociation  can  be  expected,  but  the  number  of  dissociated 
molecules  being  quite  sensitive  to  temperature  and  pressure,  the  dissociation  can 
easily  be  increased  by  raising  the  temperature  or  decreasing  the  pressure.  The 
presence  of  dissociated  molecules  will  in  principle  enable  examination  of  chemi¬ 
cal  reactions  which  will  not  be  affected  by  free  electrons  since  the  degree  of  ion¬ 
ization  is  negligible. 


Chapter  3 


Transient  Laser  Induced  Fluorescence  (TLIF) 

3. 1  General  principle 

Transient  or  pulsed  laser  induced  fluorescence  was  selected  for  this  study  because 
it  produces  relatively  strong  signals  compared  to  other  scattering  techniques  such 
as  Raman  scattering. Provided  the  tunable  pulsed  laser  linewidth  is  small  and 
stable  enough  to  excite  single  transitions  at  a  time,  the  chosen  probing  technique 
is  robust,  repeatable  and  has  the  advantage  of  being  quenching  insensitive  under 
the  condition  that  only  the  early  ponion  of  the  fluorescent  pulse  is  detected. 

Figure  3  shows  a  schematic  of  the  potentials  involved  in  the  excita¬ 
tion  and  fluorescence  processes.  The  laser  excites  the  A  molecules  from  a  rovibra- 
tional  level  (V" ,  /")  of  the  ground  electronic  state  X(‘l  )  to  a  rovibrational 

0  *  t 

level  (V”,  /')  of  the  B  (^11  .  )  state.  Emission  spectra  are  obtained  by  scanning 
the  laser  wavelength,  i.  e.  successively  exciting  levels  of  the  X  state  to  levels  of 
the  B  state.  The  fluorescence  signal  is  observed  through  a  wide  spectral  window 
of  a  spectrometer  whose  main  purpose  is  to  filter  out  scattered  photons  at  the  laser 
frequency. 


The  laser  wavelength  corresponding  to  a  transition  (B,  V’ (X, 
V",  J")  enables  probing  of  the  populations  in  level  (X,  V",  J")  by  exciting  these 
molecules  to  a  level  (B,  V',  J’).  Subsequently,  the  molecules  in  level  (B,  V,  J’) 
transition  to  several  lower  levels  (X,  V’’ ,  J"),  and  in  doing  so  emit  photons  at 
wavelengths  X,.  Only  the  wavelengths  located  in  the  spectrometer  band  pass  are  detect¬ 
ed.  Several  rovibrational  levels  of  the  X  state  can  be  probed  by  sweeping  the  laser  wave- 
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lengLh  Ao-  The  intensity  of  the  fluorescent  signal  for  a  given  laser  frequency  is  a  measure 
of  the  population  in  ±e  level  (iY,  V" ,  /")  initially  excited.  The  probing  method  de¬ 
scribed  here  has  been  extensively  used  to  measure  the  vibrational  distributions  of  / -  in 
chemical  laser  injectors.^*  In  this  study  the  probing  'aser  was  a  ring-dye  CW  loser,  while 
the  work  described  here  used  a  pulsed  dye  laser  whose  line'vidth  was  narrowed  with  an 
intra-cavity  air  spaced  etalon. 


Figure  3:  Schematic  of  the  intermolecoiar  potentials  of  involved  in  the  TLIF  process 

3.2  Upper  state  population  response  to  pulsed  pumping 
The  pulsed  nature  of  the  work  described  here  raises  issues  dealing  with  the  un¬ 
steadiness  of  the  populations  being  probed.  In  this  section  it  is  of  interest  to  de¬ 
scribe  the  time  dependence  of  the  population  iVj  of  the  X  state  being  excited  by  the 
laser  and  the  population  Nj  in  the  B  state.  Let  us  examine  a  simple  two  level  sys- 
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tern  illustrated  in  Figure  4  and  modeled  by  the  pair  of  rate  equations; 
dN- 

^  ..1  .1  .<;  ..i 

i<2  *1.2 

where  P,j~  5^  ^(vj  E^{t)liAc)  is  the  pumping  rate  from  level  i  to  level  j.  A,,  is  the 
spontaneous  emission  coefficient  from  level  i  to  y,  S^is  the  stimulated  emission  or 
stimulated  absorption  factor  depending  on  whether  levels  i  and  j  are  upper  or  low¬ 
er  levels,  i?.,is  the  decay  rate  due  to  collisional  decxcitation,  g{\d  is  the  laser  line 
shape,  £p(r)  is  the  laser  energy  delivered  to  the  probed  volume  per  unit  time.  A  is 
the  laser  beam  cross-sectional  area  and  c  is  the  speed  of  light.  Finally  P^^is  the 
pumping  rate  which  depopulates  level  1  by  direct  absorption  to  the  dissociative 
state  Pjit  has  the  same  form  as  P^,  with  the  only  difference  being  that  5,y 

is  replaced  by  an  absorption  coefficient  5,^,  consistent  with  a  dissociative  reaction. 
Spontaneous  predissociation,  whereby  a  molecule  is  initially  absorbed  into  the  S 
state  and  subsequently  spontaneously  dissociates  by  transitioning  to  the  state, 
has  been  taken  into  account  in  Equation  (3)  with  the  spontaneous  decay  term  *4^^. 
Direct  absorption  and  spontaneous  predissociation  to  other  dissociative  states 
such  as^n  ,  ^  ,  X  ,  or  arc  ignored  in  this  analysis  because  their  con- 

2f  If  Of  0«  im  ^  ^ 

tribution  has  been  found  to  be  minimal  compared  to  the  state.”  Experimental 
evidence  will  show  however  that  these  states  may  be  responsible  for  some  anom¬ 
alies  observed  in  this  study  (see  discussion  in  Section  5.5).  For  the  purpose  of  this 
analysis,  the  collisional  quenching  rates  Rij  arc  ignored  because  the  pressures  at 
the  points  of  diagnostics  are  usually  not  more  than  a  few  Torr  and  collisional 
quenching  at  these  pressures  is  usually  neglected.”  For  higher  stagnation  pressure 
regimes  collisional  quenching  may  not  be  neglected.  However,  as  shown  in  Sec- 
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tion  3.5.5,  since  detection  of  the  fluorescent  signal  is  performed  :or  a  shon  time 
during  the  early  par:  of  the  signal  pulse,  the  technique  ;s  insensmve  to  quenching 
and  hence,  the  term  may  still  be  neglected.  For  the  sake  of  notation,  the  sum 
y  is  replaced  by  Aj  and  since  a  two  level  system  is  considered  and  level  1  is 

I  <.  2 

the  lowest  level,  can  be  replaced  by  0. 


As  an  example,  we  choose  the  (39,  0)  R55  transition  which  requires  la¬ 
ser  pumping  at  approximately  5208  A.  Capclle  and  Broida^^  repon  a  total  rate  de¬ 
populating  the  upper  state  (due  to  radiation  and  predissociation)  of  approximately 
7  10*  sec'.  Of  this  total  rate,  2.5  10*  transitions  per  second  are  purely  radiative  and 
4.5  10*  sec'  are  predissociative.  This  results  in  an  Einstein  absorption  coefficient 
5,2  of  9.26  10’”^  m*  J  '  sec^  calculated  using  expression 


j  =  a  -  ^vVC(V’.  V"). 


'vnere 


647t 


a  = 


1  HL{T,r) 


;  I 


3/ic'  2j*  +  1 

and  Equations  (18)  and  (15).  FCiV’y"),  HL(J’J”)  and  [i(Rj  are  respecnveiy  the 

Franck-Condon,  Hdln-London  factors  and  the  dipole  moment  denned  in  Section 

3.4.2.  In  order  to  obtain  Equations  (4)  and  (5)  several  assumption  have  been  made: 


1)  The  rotational  transition  probability  HL(J’,  J")  is  independent  of  vibra¬ 
tional  transition  probability. 


2)  The  vibrational  transition  probability  may  be  decomposed  into  two 
pans:  an  overlap  integral  of  vibrational  wavcfunctions  FC{V’ ,  V")  usually 
called  Franck  Condon  factor,  and  an  average  electronic  transition  moment 

3)  The  average  electronic  transition  moment  can  be  represented  by  the 
electronic  transition  moment  at  an  average  intemuclear  distance  called 
the  R-centroid.  This  is  the  R-centroid  approximation”  (Ref.  Section  3.4.2). 


4)  The  R-centroid  which  in  principle  depends  on  vibrational  quanmm  num¬ 
ber  has  for  the  purpose  of  this  example  been  considered  constant. 

Although  the  last  assumption  has  been  used  for  convenience  in  a  number  of  past 
studies,”’”  it  was  found  in  this  work  that  it  may  result  in  overestimating  the  decay 
rates  and  absorption  coefficients  by  up  to  15%  for  the  (17, 0)  R42  for  instance.  For 
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the  purpose  of  developing  the  probing  technique  concerned  in  this  work,  an  error 
of  the  order  of  10%  is  tolerable.  However,  the  precise  deterrnination  of  absorption 
coefacients  and  decay  rates  is  certainly  required  if  a  precise  determination  of  pop¬ 
ulation  distributions  is  desired.  In  this  case  the  variation  of  the  elecronic  transi¬ 
tion  moment  with  vibrational  quantum  number  has  to  taken  into  account  and 
evaluation  of  Equation  (4)  has  to  be  done  by  including  the  term  in  the  sum¬ 

mation. 


A.,  the  total  radiative  rate  of  2.5  10*  sec’  from  the  upper  [B,  V’,J’)  state 
to  several  {X,  V” ,  J")  states,  has  been  calculated  with  relative  accuracy”  and  is  the 
value  used  to  determine  the  absorption  coefficient  Bjj.  In  order  to  calculate  the  lat¬ 
ter  one  needs  Aji  which  can  be  calculated  by  first  computing  the  summation  in 
Equation  (4)  using  the  Franck  Condon  factors  and  frequencies  determined  by  .Mar¬ 
tin  et  second  determining  a  by  equating  Equation  (4)  to  the  measured  rate 
and  finally  computing  A21  =  a  v*FC  (2M”),  which  for  this  example  comes  out 
to  be  16175  sec-‘.  An  absorption  coefficient  of  9.26  10*'^  m^  J*‘  sec'^may  then 
be  calculated  using  expressions  (15)  and  (18).  A  predissociation  rate  of  4.5 
10*  sec-‘  as  measured  by  Capelle  and  Broida**  was  assumed,  this  value  is  consistent 
with  a  rate  of  5.7  10*  sec*'  measured  by  another  group  for  a  neighboring  transition 
at  5277  A.”  Sjy  was  taken  as  20%  of  the  total  absorption  or  25%  of  suggest¬ 
ed  by  Brewer  and  Tcllinghuisen.”  Appendix  B  summarizes  rates  and  absorption 
coefficients  for  the  transitions  of  interest  in  this  work. 

The  case  of  an  excitation  laser  pul.'^e  with  Gaussian  shap<*  is  considered. 
Its  full-width-at-half-maximum  (FWHM)  is  t  =  28  nsec  and  an  energy  per  pulse 
of  0.0007  mJ  is  selected  taking  into  account  that  the  laser  beam  is  fanned  into 


a  26  mm  wide  sheet  of  1.5  ram  thickness.  This  results  ;.t  a  probed  volume  having 
the  shape  of  a  small  cylinder  of  diameter  1.5  mm  (corresponding  to  the  diameter 
of  the  orifice  at  the  spectrometer  entrance,  see  Section  5.2)  and  1.5  mm  length.  The 
laser  pulse  is  assumed  to  be  of  the  form: 

£p(r)  =  (6) 

where  to  is  chosen  equal  to  2t  and  a  and  P  are  chosen  so  that  the  pulse’s  FWHM 

equals  t  and  J  E^(r)  =  £,.  Figure  5  shows  the  normalized  excited  state  population 

0 

growth  as  a  function  of  time  as  well  as  the  normalized  pulse  power  time 

history.  The  time  response  is  shown  for  a  duration  of  approximately  100  nsec 
which  corresponds  to  the  gate  width  GW  during  which  the  signal  is  detected  and 
averaged. 


Figure  5:  Nonnaiized  upper  level  populations  and  laser  pulse  tune  history  for  several  transitions. 
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The  reason  for  solving  for  A/jlrj  is  that  the  fluorescent  signal  strength  is  proportional  :o 

the  product  J  .V,  ( :)  dt.  If  one  wants  to  determine  the  populanon  .v,  from  the  fluo- 
dw 

rescence  intensities,  it  is  crucial  to  know  how  the  upper  level  populanons  behaves  with 
time  under  pulsed  laser  excitation.  N-^  is  the  population  in  the  upper  level  as  :  — *  » 
and  t  — f  oo; 

_NA0)^NA0) 

(l+8/gz) 

In  Equation  (7)  g,  is  the  statistical  weight  of  level  i.  The  values  of  the  statistical 
weights  for  the  X  and  B  levels  are  defined  in  Section  3.4.  For  the  example  de¬ 
scribed  here,  gi(X)  =  1,  gjiB)  =  3,  N^iO)  is  taken  as  1  and  /V;(0)  assumed  equal  to 
0.  This  gives  =  3/4.  To  find  the  solution  iV,(r)  the  laser  spectral  lineshape 

giVi)  was  chosen  to  be  constant  at  9  10'*®  sec  because  the  laser  profile  is  broader 
than  the  absorption  profile.  Indeed,  the  laser  lineshape  is  0.05  cm'‘  at  best  while 
the  absorption  profile  is  mostly  Doppler  broadened  and  of  the  order  of  0.01  cm  h 
Figure  5  shows  that  the  population  in  the  upper  level  docs  not  reach  the  saturated 
population  This  is  mainly  due  to  the  relatively  low  laser  energy  levels  used  in 
this  experiment.  One  may  then  surmise  that  an  increase  in  laser  power  would  sat¬ 
urate  the  population  in  level  2,  however  this  does  not  seem  to  be  the  case  as  illus¬ 
trated  in  Figure  6  where  the  time  response  of  the  population  in  level  2  is  shown 
for  three  laser  power  levels  where  £^,  =  1  lO"’,  7  10"®  and  7  10'^  Joules.  As  may  be 
noticed  from  this  figure,  a  stronger  laser  pulse  does  not  necessarily  result  in  an  in¬ 
crease  in  signal.  In  fact  even  for  the  stronger  pulse  case  one  may  notice  that  die 
saturated  ratio  N^N.{0)  =  3/4  is  still  not  reached  and  the  population  in  level  2 
tends  to  decrease  even  as  laser  power  increases.  This  is  caused  by  the  term  in 
Equation  (2)  which  depopulates  the  lower  level  and  consequently  creates  a  net  de- 
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pletion  of  total  molecules  in  the  system  as  illustrated  by  Figure  7.  Consequently, 
in  the  low  laser  power  mode  the  upper  state  population  is  not  saturated  because  of 
lack  of  pumping  power,  this  is  in  fact  the  regime  in  whtch  we  operate:  and  if  the 
laser  power  is  increased  the  molecules  in  the  lower  level  are  directly  absorbed  in 
the  dissociative  state,  ultimately  impeding  the  pumping  of  molecules  :o  the 
upper  B  state. 


Figure  6;  Tune  response  of  the  population  of  the  B  state  under  a  Gaussian  pulse  shape  laser  pumping 
for  the  transition  (39, 0)  R55  and  laser  energies  per  pulse  of  7  10'^.  7  10  and  7  ICT^  J. 

In  summary,  it  would  seem  that  saturating  the  population  in  the  upper  level  is  dif¬ 
ficult  to  achieve,  as  was  verified  experimentally  in  this  work.  Whether  the  laser 
power  be  weak  or  strong,  the  fluorescence  signal  remains  dependent  on  laser  pow¬ 
er  and  cannot  saturate.  In  practice,  this  means  that  because  of  the  type  of  pulsed 
excitation  applied  in  this  probing  technique,  it  is  important  that  the  signal  intensity 
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as  well  as  laser  power  be  recorded  and  that  the  signal  intensity  be  linear  with  laser 
power. 


Figure  7:  Time  response  of  the  sum  under  a  Gaussian  pulse  shape  laser  pumping  for  the 
transition  (39,  0)  R55  and  laser  energies  per  pulse  of  7  10’^,  7  10  and  7  10’^  J. 

The  solutions  shown  in  Figure  5  through  Figure  7  were  computed  tak¬ 
ing  into  account  the  attenuation  of  the  laser  sheet  as  it  penetrates  in  to  the  flowfield 
and  photons  are  absorbed.  This  results  in  a  net  depletion  of  laser  power  at  the  point 
being  probed.  How  strong  this  attenuation  is  depends  on  the  transition  being  ex¬ 
cited  and  the  number  density  distribution  in  the  flowfield.  A  more  complete  de¬ 
scription  of  how  attenuation  is  calculated  can  be  found  in  Section  3.5.1. 
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3.3  Identification  and  choice  of  transitions 
3.3.1  Identification  of  transitions 

The  spectral  position  of  all  possible  rovibrational  transitions  between  the  6  arst 
vibrational  energy  levels  of  the  ground  ^  )  and  the  60  first  vibrational  states 
of  the  5  (^n  .  )  states  of  the  iodine  molecule  have  been  computed  using  Dunham 

0  u 

expansion  coefficients  determined  by  Gerstenkom  and  Luc."  These  coefficients 

are  valid  for  0  ^  V'”  <  19  and  0  ^  V'  ^  80  and  were  obtained  by  best  fitting  the 

absomtion  spectrum  of  iodine  between  11000  and  20040  cm'^  recorded  by  means 

of  Fourier  Transform  Spectroscopy.  The  energy  E(V" ,  J”)  of  the  lower  level 

X(‘l  )  mav  be  calculated  with 
0  •  / 

E{V',J")  =  E{V',Q) +Bv.K-Dy.K^^HvK\  (8) 

where  K  =  /(/+/)  and  £(V”,  0)  =  G(V")-O(0).  The  value  of  G(V’').  Bv,  and 
Hv  are  defined  as  follows: 


2;yi;(V’'  + 1/2)',  where  (9) 

/  =  0  and  i  =  1,  2,...  i  for  G(V") 

I  —  1,2,  3,...  and  i  —  0,  1,  2,...  i  for  Hy, 

Similarly  the  energy  EiV’.J')  of  the  upper  level  B  .  )  may  be  calculated  us¬ 
ing 

E{V\J')  =  Ey.{y',0)  +  ,  (10) 

where  K  and  Bv  are  the  same  as  above,  and  E{Y ,  0)  =  GiV)  -  G(0)  +  To,o  =  G(Y) 
+  15661.9408  cm'^  To,o  being  the  distance  between  the  ground  level  V”  =  0,  /”  = 
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0  of  the  X  state  and  the  level  V  =  0,  /’  =  0  of  the  B  state.  The  values  of  Hy, 
Lv-and  ^V/y-are  defined  as  follows; 


Dv  =  exp  ^  UlY'  ]  (11) 

i»  1 

-//v  =  exp{Y^c^  (^+1/2)“'}  (12) 

I « 1 

-U  =  expiY^Caiy +  \/iy~']  (13) 

l“ 

-Mv  =  exp{'^c^(Y+\/iy''] .  (14) 

!•  I 


The  constants  y,/,  c^,  Ctu,  Cu,  are  listed  in  appendix  A.  Effective  constants  Mv*= 
k  Mv'mqtc  used  to  account  for  the  neglected  Nv,  Ov’--  An  empirical  scaling  factor 
k  equal  to  2.2  was  used  in  the  calculations  presented  here.  A  total  of  115,200  tran¬ 
sitions  were  calculated;  these  included  V"-  0  to  5,  V'  =  0  to  59,  /"  =  0  to  159  and 
a  P  and  R  branch  for  each  rovibrational  transition.  Note  that  there  are  no  P  branch¬ 
es  for  transitions  with  7”  =  0.  A  more  comprehensive  description  of  the  XCZ  ) 

0 '  t 

ground  and  5  state  was  performed  by  Martin  et  a/.‘*  Their  study  deter¬ 

mined  the  Dunham  coefficients  and  Franck-Condon  factors  for  vibrational  levels 
up  to  V”  =  113  of  the  ground  X  electronic  state  and  V'  =  71  of  the  5  state.  The  tran¬ 
sition  energies  calculated  from  these  coefficients  showed  virtually  no  difference 
when  compared  to  transitions  calculated  with  Gerstenkom’s  coefficients.  Franck- 
Condon  transition  probabilities  for  the  B  ^X  band  (0  ^  V*'  ^  5,  0  ^  V*  67)  were 
also  calculated  by  Tellinghuisen^*  and  showed  to  be  different  from  Martin  et  al's 
factors  by  no  more  than  1%  for  the  range  of  vibrational  levels  of  interest  in  this 
study.  For  the  purpose  of  predicting  emission  spectra  in  this  smdy,  the  Dunham 
coefficients  of  Gerstenkom”  and  the  Franck-Condon  factors  of  Tellinghuisen^* 
were  used. 


In  order  to  identify  transitions  of  the  5  ^  system,  its  is  necessary  to 
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predict  the  energy  involved  in  a  transition  with  an  accuracy  that  is  eauivaient  or 
better  than  the  laser  spectral  resolution.  Since  the  laser  linewidth  is  about  0.05  cm 
•  when  fitted  with  an  intracavity  etalon,  the  transition  wavenumber  has  to  be  de¬ 
termined  with  an  accuracy  which  only  Gerstenkom*'  and  Manin  et  al.'‘  are  able 
to  produce.  The  standard  techniques  for  predicting  transition  energies  such  as  that 
outlined  by  Hertzberg^®  result  in  significant  errors  panicularly  for  transitions  in¬ 
volving  higher  vibrational  levels.  Figure  8  and  Figure  9  illustrate  the  discrepancy 
Vsi«a  ■  '^G.m  between  a  standard  computation  of  vibrational  energy  and  that  pro¬ 
duced  by  Gerstenkom’s  coefficients  for  levels  of  the  X  and  B  state  respectively. 
.A.11  the  wavenumbers  are  computed  for  the  0*  rotational  level  in  each  vibrational 
state.  Discrepancies  are  of  the  order  of  unity  for  the  X  state  and  10^  cm'*  for  the  B 
state.  This  makes  the  standard  method  clearly  inadequate  for  transition  identifica¬ 
tion. 


X  state 
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V" 

Figure  8:  Energy  of  vibrational  levels  of  theX  state  {J  ~  0).  Difference  between  standard  method  and  Ger¬ 
stenkom’s  prediction. 
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B  State 


Figure  9:  Energy  of  vibrational  levels  of  the  B  state  (J  =  0).  Difference  between  standard  method  and 

Gerstenkom’s  prediction. 

3.3  J  Choice  of  transitions 

The  Dunham  expansion  coefficients  determined  by  Gerstenkom"  were  used  to 
calculate  the  wavenumber  of  all  possible  transitions  for  V”=  0  to  5,  =  0  to  59 

and  J”  =  0  to  159.  An  example  of  possible  transitions  between  16200  and  16600 
cm’’  is  shown  in  Figure  10  where  transitions  with  different  lower  vibrational  levels 
are  represented  with  different  symbols.  The  transitions  arc  plotted  as  rotational 
quantum  number  vs.  wavenumber  to  show  that  a  wide  range  of  rotational  quantum 
numbers  (0  ^  J”  ^  100)  and  vibrational  quantum  number  between  0  and  5  may  be 
probed  with  spectral  scans  of  about  150  cm'*.  Figure  11  shows  only  the  transitions 
that  can  be  resolved  with  a  laser  line  width  of  0.05  cm'*,  in  other  words,  ail  transi¬ 
tions  which  have  a  neighbor  transition  closer  than  0.05  cm'*  have  been  filtered.  It 
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may  be  seen  from  this  figure  that  although  many  transitions  cannot  be  resolved  by 
the  laser,  a  large  enough  number  of  transitions  may  still  be  used  for  determining 
population  distributions. 


j  V"  =  0  «  V  =  2  -  V"  =  4 

^  V  =  1  •  V“  =  3  *  V  =  5 

1  6  0 
1  40 
1  20 

1  00 

J” 

3  0 
60 

4  0 
20 

0 

1620C  16250  16300  16350  16400  16450  16500  16550  16600 
Wavenumber  (cm  ') 

Figure  10;  transitions  for  V”=s  0  to  5,  V’ »  0  to  59  and/”  »  0  to  159  between  16200  and 

16600  cm*'. 
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V"  =  0 


V"  =  1  •  v=  3  •  V"  =  5 


1620  0  16250  15300  16350  16400  16  45  0  16500  16550  16600 
Wavenumber  (cm  ’) 

Figure  11:  transitions  for  V”  =  0  to  5,  V'  =  0  to  59  and  s  0  to  159  between  16200  and 

16600  cm’*.  The  transitions  which  cannot  be  resolved  with  a  laser  linewidth  of  0.05  cm'^  have  been  fil¬ 
tered. 

Franck-Condon  factors  computed  by  Martin  et  al}"^  are  presented  for  0 
<  y"  <  19,  0  <  V"  ^  59  and  J”  =  0  in  Figure  12  along  with  a  plot  of  the  approximate 
laser  wavelength  required  to  excite  a  transition  of  the  type  V  <— V”  shown  in  Fig¬ 
ure  13.  The  wavelengths  shown  in  latter  figure  were  calculated  with  Equations  (8) 
and  (10)  for  J”  =  7’  =  0.  Note  that  this  type  of  transition  (A/  =  0)  is  in  principle 
forbidden  because  the  Holn-London  factor  for  Q  transitions  is  zero  (Ref.  Section 
3.4.2).  However,  for  the  purpose  of  determining  an  approximate  transition  wave¬ 
length,  this  is  considered  adequate.  Figure  12  shows  an  interesting  pattern,  namely 
that  the  strongest  Franck-Condon  factors  are  found  within  the  range  0  ^  <  20 


34 


for  the  entire  V  range.  This  means  that  in  order  to  probe  a  wide  range  of  vibra¬ 
tional  levels  of  the  X  state  (1^”)  and  at  the  same  time  maximize  signal  strengths, 
the  laser  wavelength  to  be  used  is  about  5300  A  for  V  ”  =  0  and  progresses  towards 
longer  wavelengths  for  higher  V’\ 


Figure  12;  Franck-Condon  factors  for  the  transitions  of  the  (5  *-^X)  band.’*  (0  <  V’’  S  19.  0  <  V’ 

5  59.  r  =  0) 
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Figure  13:  Laser  pumping  wavelength  for  the  transitions  of  the  (5  band.(0  £V”  ^19,0^  V’ 

S59,/"  =  0) 

For  the  purpose  of  this  study,  the  transitions  chosen  for  probing  are 
those  already  identified  at  common  laser  frequencies  by  Gerstenkom  and  Luc.“ 
However,  the  analysis  in  this  section  enables  identification  of  any  transitions  for 
0  ^V”  <19  and  0  ^  V'  ^  80,  Consequently,  any  transition  can  in  principle  be  used 
for  the  determination  of  population  distributions  provided  the  transition  is  strong 
enough. 


3.4  Predicted  LIF  spectral  intensities 

In  this  section,  an  expression  for  the  intensity  of  the  LIF  emission  spectra  is  de¬ 
rived  assuming  thermodynamic  equilibrium  of  both  rotational  and  vibrational  lev- 
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els.  This  expression  will  in  turn  be  used  to  generate  synthetic  spectra  which  once 
compared  to  experimental  spectra,  enable  the  unambiguous  identification  of  :he 
transitions  involved. 

3.4.1  Einstein  A  and  B  coefficients 

For  the  following  analysis,  a  simple  two  level  system  is  assumed.  The  nomencla¬ 
ture  is  the  same  as  in  Section  3.2.  The  Einstein  coefficients  are  defined  as  follows: 

AN. 

•  Coefficient  of  spontaneous  emission:  A21  =  ^  . 

AN. 

•  Coefficient  of  stimulated  emission:  B.i  =  -77 — ; — —  ,  where  p(v)  is  the 

N2-Atpi\) 

spectral  energy  density  of  the  incident  laser  light. 

„  AN, 

•  Coefficient  of  absorption  from  1  to  2:  B,.  =  — - — -----  . 

^  .VfAtp(v) 

The  stimulated  absorption  and  emission  coefficients  are  related  by 


^12  ■  81  —  ^21 ' 82  • 

where  and  gi  coirespond  to  the  X  and  B  electronic  levels  respectively  and  have  the 
values: 


5.  =  27"  +  ! 

(16) 

g2=  3(2/' -H)  . 

(IT 

Note  that  although  the  B  state  has  a  .\  value  of  1,  it  does  not  have  any  A  splitting 
because  it  has  an  £2  =  A  +  Z  value  of  0. 


The  spontaneous  emission  and  stimulated  emission  coefficient  are  related  by 

Ajj  _  8it/iv^ 


(18) 


where  v  is  the  frequency  corresponding  to  a  transition  between  1  and  2.  The  coet- 


ticient  of  spontaneous  emission  can  be  written  as: 

_  647tV  1  S(V\T,V\J") 

'  iii; 

where  S  is  the  strength  of  the  transition  starting  from  the  upper  rovibranonai  level  B. 
V’,J")  to  the  lower  level  (X,  V” ,J“).  The  factor  of  2/'+l  takes  into  account  the  degen¬ 
eracy  of  the  state.  Combining  Equations.  (18)  and  (1^)  the  absorpnon  coefficient  can  be 
written  as: 


Srt^  1  g.  S(V,f,V\r) 
^  3/1^  ■  ^Tte,  ■  g,  ■  27"  +  1 

3.4.2  Transition  line  strength 


(20) 


Assuming  that  the  dipole  moment  varies  slowly  with  intcrnuclcar  distance 
R  and  that  this  distance  is  constant  during  an  electronic  transition,  the  line  strength 
can  be  decomposed  as  the  product  of  a  rotational,  vibrational  and  electronic  tran¬ 
sition  probability. 


5(V",7’,V",7")  =  HL(7',7”)  .  (21) 

where  FC(V',  V")  is  the  Franck  Condon  factor  or  square  of  the  overlap  integral: 

FC{y,V')  =  (22) 

Franck-Condon  Factors  have  been  calculated  by  Tellinghuisen^*  for  0  <  V’  <  67 
and  0  <  V”  $  5  and  lately  by  Manin  et  oi.'^  for  0  ^  V’  ^  72  and  0  <  V”  <  108.  The 
spectra  calculated  in  this  study  are  based  of  Tellinghuisen’s  factors. 

HLU’ ,  7”)  is  the  Hdln-London  factor  or  rotational  line  strength  given 
for  absorption  by:^‘ 
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HL,u\r)=r.  " 

//la  (/./•')=  0  .  24. 

HL.U'J”)  =  J"  .  :5i 

The  subscripts  P,  Q  and  R  denote  transitions  where  U  =  J’ -J"  =  -1.  0.  1  respec¬ 
tively. 

In  Equation  (21)  !  (ja.(/?))  I  is  the  average  dipole  moment  taken  at  a  giv¬ 
en  internuclear  distance  R.  In  the  /? -centroid  approximation,’*  i  (m/?)> !  is  consid¬ 
ered  as  the  dipole  moment  taken  at  an  average  internuclear  distance  (/?)  called  the 
/?-centroid  R..  In  other  words,  I  {)!(/?))  i  may  be  replaced  by  I  \ii{R))  I  =  !  !  ■ 

/?-centroids  are  a  function  of  the  vibrational  and  rotational  quantum  numbers  in¬ 
volved  in  the  transition  and  have  been  calculated  by  Tellinghuisen’*  for  the  parric- 
ular  case  of  the  B-X  transitions  in  iodine  and  later,  more  extensively  by  Martin  et 
In  summary  the  transition  line  strength  may  be  written: 

S{V\J',V\r)  ^  HL{J\r)  ■\\liR,)\^  FC{V,V")  (26) 

3.4  J  Alternation  of  rotational  intensities  due  to  nuclear  statistics 

In  a  homonuclear  diatomic  molecule,  nuclear  spin  causes  energy  levels  to  be  de¬ 
generate.  This  results  in  an  alternation  of  the  intensity  of  rotational  transitions  de- 
peiiding  on  7".  The  statistical  weight  for  an  even  J”  is  (2/+1)/  and  for  an  odd  /” 
is  (2/-t-l)  il+l).  The  value  for  the  nuclear  spin  /  =  5/2,  which  means  that 

griwtm)  =  5.  In  deriving  an  expression  for  line  intensities,  nuclear  spin  is  taken  into 
account  by  means  of  a  “spin”  factor  SP{J")  which  will  be  equal  to  7  for  odd  7”  and  5 
for  even  7” . 
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3.4.4  Population  in  a  rovibrational  level 


The  absorption  intensity  of  a  rovibrational  transition  3.  V”,  /')♦-  uY.  V”'.  J”  )  ;s 
proportional  to  the  population  in  the  absorbing  level  .V(V”,  J”).  For  the  specora 
generated  tn  this  portion  of  the  study,  thermodynamic  equilibnum  'A-as  assumed 
with  the  provision  that  the  vibrational  temperature  may  be  decoupled  trom  the 
rotational  temperature  The  total  population  in  a  rovibrational  level  'V.  J\  is 


^iven  bv: 


.v(V’.y)  =  N(V)  NU)  = 


E'-V) 

ill 

Qoth 


E(f) 

i2J~  \)e 


wnere: 


-  (27  -1)  is  the  statistical  weight  of  rotational  level  7. 

-  (2 .a.  and  Q„,  are  the  vibrational  and  rotational  state  sums  respec¬ 
tively. 

-  £(V)  is  the  energy  of  vibrational  level  V  and  £(7)  is  the  energy  of 
rotational  level  7  within  vibrational  level  V. 


3.4  J  .Absorption  of  molecules  to  the  B  state 


The  populations  in  the  lower  level  {X,  V",  7")  are  being  pumped  by  the  laser  at 
frequency  v^,  to  an  upper  level  (fl,  V  ,J’).  The  quantity  which  we  want  to  measure 
is  the  number  density  in  the  lower  level  is  N\{V” ,J’')  defined  in  the  previous  sec¬ 
tion  in  the  case  of  thermodynamic  equilibrium.  The  number  of  molecules  N-iiy , 
J’)  being  excited  to  the  upper  level  per  unit  time  is  given  by 


N.{V,T)  =N,iV',r)  S,, 
where  is  the  energy  density  in  Joules  m 


•g(v,)  p^^  SPiD  .  (28) 

which  may  be  replaced  by  E^{t)l{Ac) 
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as  seen  in  Section  3.2.  The  rest  of  the  terms  in  Equation  (28)  are  denned  in  Section 
3.2  and  Section  3.4.1.  Tne  population  is  time  dependent  because  excitation  is 
done  in  a  pulsed  mode.  A  description  of  this  time  dependence  is  critical  for  accu¬ 
rate  population  determination  (Ref.  Section  3.2),  however,  for  the  sole  purpose  of 
transition  identification,  it  is  sufficient  to  assume  that  .V,  is  constant  with  time. 

In  the  experiment  described  here,  the  laser  lineshape  has  a  width 
of  about  0.05  cm'‘  while  the  absorption  linewidth  is  mainly  Doppler  broadened 
and  has  a  width  of  approximately  0.01  cm'‘.  The  laser  linewidth  was  reduced  from 
its  original  value  of  0.2  cm‘‘  to  0.05  cm**  with  the  use  of  an  air  spaced  intracavity 
etalon  of  Free  Spectral  Range  (FSR)  0.5  cm**.  The  laser  linewidth  was  subsequent¬ 
ly  measured  with  an  air  spaced  Fabry-Perot  etalon  of  FSR  1/6  cm**.  An  example 
of  such  measurement  is  shown  in  Figure  14.  Since  the  absorption  linewidth  is  con¬ 
siderably  smalle’’  than  the  laser  linewidth,  it  is  the  latter  which  will  be  taken  into 
account  for  the  generation  of  spectra. 

It  is  of  interest  to  predict  the  absorption  spectrum  for  iodine  in  thermo¬ 
dynamic  equilibrium,  the  absorption  intensity  U  is  proportional  to  N2  but  in  this 
case  it  is  more  appropriate  to  convolve  the  discrete  absorption  distribution  by  the 
pumping  laser  profile  g(vj.  may  then  be  written 

iai,(v)  «  [IV,  (V",/")  5^(7")  -S, 2]  ®g(v)  .  (29) 

where  the  0  symbol  stands  for  the  convolution  operator.  Note  that  since  we  are 
interested  in  relative  intensity  distributions  the  proportional  sign  a.nd  omission  of 
the  power  density  Pv  are  acceptable. 
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Figure  14:  Fabry-Perot  trace  taken  from  the  laser  linewidth  narrowed  with  an  intr  -cavity  etalon. 

The  laser  intracavity  etalon  was  scanned  by  pressure  tuning 

3.4.6  Emission  intensity 

In  a  general  manner  the  incident  laser  light  excites  molecules  of  one  or  several 
lower  levels  (X,  V/’,  //')  to  different  upper  level  {B,  ,1,').  For  simplicity,  we 

shall  consider  the  case  where  the  laser  linewidth  is  thin  enough  and  the  absorption 
profile  is  isolated  from  other  transitions  so  that  pumping  of  a  single  transition  is 
achieved.  In  this  case,  a  single  upper  level  (5,  V’ ,  J’)  is  being  populated  and  its 
population  is  proportional  to  7,^,  (v)  given  by  Equation  (29).  The  total  fluorescent 
intensity  from  level  (5,  V’,  J’)  is  given  by  the  sum  of  the  spontaneous  decays  to 
the  final  lower  levels  (X, 

'fir 
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where  iKV’,  7’)  is  an  efficiency  factor  accounting  for  :he  ponion  of  :he  population 
in  the  upper  level  which  undergo  deexcitation  through  a  non  radiative  process 
such  as  collisional  deexcitation  or  predissociation.  7’,  V" ,  7/’)  is  the  radi¬ 

ative  rate  for  one  transition  of  the  type  (5,  V\  7’)->(X  V” ,  7/’)  and  is  given  by 
Equation  (19)  where  the  subscript  1  has  been  replaced  by  3  to  avoid  confusion  be¬ 
tween  the  initial  (1)  and  final  (3)  lower  state.  In  the  context  of  this  study,  Equation 
(,30)  may  be  simplified  because  the  emission  intensity  is  observed  through  a  wide 
spectral  window  of  approximately  20  A  centered  around  a  specified  vibrational 
ovenone  (usually  the  first,  which  corresponds  to  AV  =  V^”6n«i  -  =  2).  The 

spectral  band  pass  enables  detection  of  all  active  rotadonal  transitions  within  a 
single  vibrational  band  and  rejection  of  scattered  photons  at  the  laser  frequency. 
Equation  (30)  then  becomes 

«  [iV,(V".7”)  •SP(7")  -flu-Aa]  ®^(v)  .  (31) 

where  5,2  and  A23  are  respectively,  the  absorption  and  emission  rates  for  a  single 
rovibrationai  transition.  For  practicality,  we  shall  assume  that  the  molecules  in  the 
upper  level  {X’ ,  7’)  are  not  deexcited  by  collisions  nor  predissociatc  by  transition¬ 
ing  to  repulsive  states.  This  is  shown  in  Equation  (31)  by  setting  tKV’  J’)  to  1.  In 
addition,  if  one  makes  the  assumption  that  the  electronic  transition  moment  varies 
slowly  with  intemuclear  distance  and  takes  into  account  that  the  Holn-London 
factors  are  normalized  by  rotational  statistical  weights  making  //L(7V’')/(27+l)  = 
1/2  for  large  7,  Equation  (31)  becomes 

IfiuoW  «  ■SP{r)-FC{V,V\)  ■FC{V,V\)]  ®g(v)  (32) 

where  the  subscripts  1  and  3  correspond  to  the  initial  and  final  lower  states  respec¬ 
tively.  Note  that  in  Equation  (32)  the  v^  dependence  of  A23  has  been  omitted  be- 
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cause  the  spectral  recognition  of  transitions  is  usually  done  over  a  small 
wavelength  range,  typically  of  the  order  of  1  A. 

Using  Equation  (32)  and  Franck  Condon  factors  determined  by  Tellin- 
ghuisen,^*  the  relative  intensities  of  all  transitions  for  V'”=  0  to  5,  V’  =  0  to  59  and 
J”  =  0  to  159  were  calculated  for  a  gas  in  thermodynamic  equilibrium  at  room  tem¬ 
perature  (300  K).  The  generated  synthetic  spectra  were  then  compared  to  experi¬ 
mental  spectra  in  order  to  calibrate  the  laser  and  unambiguously  identify  the 
transitions  being  pumped  by  the  laser.  Figure  15  shows  a  predicted  and  recorded 
emission  spectrum  for  iodine  contained  in  a  static  cell  maintained  at  room  temper¬ 
ature.  The  scan  had  spectral  range  of  60  A.  For  the  simulation,  an  equilibrium  tem¬ 
perature  of  300  K  and  a  laser  FWHM  of  0.1  A  were  assumed  (the  laser  was 
scanned  without  iniracavity  etalon).  The  figure  shows  that  transitions  for  the  io¬ 
dine  molecule  are  abundant  because  what  appears  to  be  noise  in  the  figure  are  in¬ 
deed  individual  transitions.  Figure  16  shows  a  comparison  between  predicted  and 
measured  emission  spectra  for  the  same  conditions  as  above  but  with  a  laser 
FWHM  of  0.01  A  (the  laser  was  scanned  with  a  synchronized  intracavity  etalon). 
The  scan  had  a  total  spectral  range  of  1.6  A.  The  figure  shows  a  fairly  good  agree¬ 
ment  between  experiment  and  prediction.  Although  the  spectra  do  not  match  per¬ 
fectly,  the  relative  intensities  and  their  spectral  positions  are  close  enough  to 
enable  identification  of  a  great  majority  of  transitions  and  establish  which  transi¬ 
tions  are  isolated  enough  to  permit  their  use  in  the  determination  of  population 
distributions.  The  small  discrepancies  observed  in  Figure  16  may  be  due,  on  the 
experimental  side,  to  spectral  jitter  of  the  line  narrowing  etalon  or,  on  the  predic¬ 
tion  side,  to  the  omission  of  direct  dissociation  or  predissociation  in  the  model. 


Fluorescent  Signal  (A  li. 


Experimental  scan  (Laser  llnewidth  =  3.05  A) 


6060  6070  6080  6090  8100  61  10  6120 

Wavelength  (A) 


Simulation  (  ^rot*  Laser  llnewidth  »  0.1  A) 


6060  6070  6060  6090  6100  6110  6120 
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Figure  15:  Predicted  and  measured  emission  spectra  for  a  spectral  range  of  60  A.  (Predicted  spectrum 

calculated  with  a  las«-  FWHM  »  0.1  A). 
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Measured  Emission  Soactrum 
(Static  Call  300  K) 


Excitation  Wavelength 

Emission  Prediction 
(laser  ilnswidth  a  0.01  A) 
(Trot  a  Tvlb  a  300  K) 


Excitation  Wavelength  (A) 


Figure  16:  Predicted  and  measured  emission  spectra  for  a  spectral  range  of  1.6  A.  (Predicted  spectrum 

calculated  with  a  laser  FWHM  a  0.01  A). 
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3.5  Diagnostic  considerations 
3.5.1  Laser  beam  attenuation 

As  the  laser  sheet  penetrates  into  the  flowfieid,  photons  arc  absorbed  along  the  la¬ 
ser  beam  path.  Depending  on  the  strength  of  the  transition  and  the  population  in 
the  level  being  probed,  this  may  result  in  a  non  negligible  attenuation  of  the  laser 
beam  intensity  by  the  time  it  reaches  the  point  of  diagnostics.  To  investigate  this 
issue,  we  shall  examine  the  example  where  the  laser  sheet  illuminates  the  free  jet 
expansion  transversely  as  illustrated  in  Figure  22.  A  position  located  two  orifice 
diameters  downstream  of  the  exit  plane,  a  stagnation  pressure  of  100  Torr,  and  a 
stagnation  temperature  of  1000  K  should  correspond  to  the  most  critical  condition 
in  terms  of  attenuation.  We  shall  assume  a  beam  energy  variation  in  physical  space 
is  described  by  the  following  equation: 

^  =  -n  (z,  r)  cdr  ,  (33) 

where  P  is  the  laser  beam  power,  n(z,  r)  the  number  density  as  a  function  of  axial 
(r)  and  radial  (r)  coordinate,  a  is  the  absorption  cross  section  given  by” 

(34) 

Bi2  is  the  absorption  coefficient  defined  in  Section  3.4.1.  As  in  Section  3.2  we  have 
chosen  the  (39,  0)  R55  transition  for  which  Bn  ~  9.26  10*^  m^  J''  sec■^  h  equals 
Planck’s  constant,  X  is  the  transition  wavelength  equal  to  5208  A  and  g(v)  is  the 
laser  spectral  profile  assumed  to  be  wide  compared  to  the  absorption  profile  and 
therefore  approximated  by  1/Av  =  9  10*’°  sec.  This  gives  an  absorption  cross  sec¬ 
tion  a  of  1.33  10"^^  cm^  assuming  that  the  absorption  coefficient  is  increased  by 
25%  to  account  for  direct  absorption  to  the  repulsive  state  (Ref.  Section  3.2) 
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The  number  density  within  the  plume  is  given  by'- 

*» 

Tt  ■  atan  (.-)  \ 

n{:,r)  =  N  (J)  N  (V)  n  (z)  {cos:  itan  }  cos  - ^ ^  I  .  (j5- 

^  2  -  —0  ! 

V.  ^ 

where  .V(f)  is  the  number  of  molecules  in  a  given  rotational  level  J  divided  by  :he 
total  number  of  molecules  in  the  vibrational  level  that  J  belongs  to.  and  .V(V0  is  the 
number  of  molecules  in  vibrational  level  V  normalized  by  the  total  number  of  mol¬ 
ecules.  Assuming  an  equilibrium  temperamre  of  340  K.  MT)  =  1.1  10'*  and  .VIV' 
=  0.59.  <t)  is  taken  as  1.888  and  niz)  is  the  number  density  at  axial  position  r  and  a 
radial  position  of  zero  given  by 

1 

n{z)  =  no(l  +  ^A/^(2))'  ■  (36) 

rto  is  the  stagnation  number  density  which  is  about  9.6  lO^m'^  for  a  stagnation 
pressure  and  temperature  of  100  Torr  and  1000  K  respectively.  M:)  is  the  Mach 
number  at  the  axial  position  z  given  by  Equation  (55).  y  =  9/7  is  used  under  the 
assumption  that  both  rotational  and  vibrational  degrees  of  freedom  are  activated. 

Equation  (33)  is  solved  for /’for  the  specified  normalized  axial  position 
zid  =  2  and  the  number  density  field  described  by  Equation  (35).  The  solution  P{r) 
is  shown  in  Figure  17  along  with  the  number  density  profile  to  be  expected  at  this 
axial  position.  It  may  be  noticed  that  the  absorption  cross  section  for  this  particu¬ 
lar  transition  is  rather  large  and  results  in  a  substantial  absorption  of  the  laser 
beam,  approximately  57%  as  opposed  to  only  4%  for  the  (45,1)  P74  transition  also 
shown  in  Figure  17  for  which  iV(/)  =  9.8  10’^  and  iV(V)  =  0.24  and  the  absorption 
coefficient  5i2  =1-17  10*”^  m^  J  '  sec^.  In  summary,  attenuation  of  the  laser  beam 
by  absorption  of  photons  along  the  beam  path  may  be  significant  depending  on  the 
transition  being  pumped.  This  effect  varies  the  amount  of  laser  power  being  deliv- 
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ered  to  the  probed  volume  and  should  be  taken  into  account  during  the  determina¬ 
tion  of  populations  from  observed  fluorescence  intensities. 
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Figure  17:  Radial  density  profile  and  laser  intensity  attenuation  for  the  (39, 0)  R55  and  (45, 1)  P74  tran¬ 
sitions. 

One  way  to  avoid  this  problem  is  to  reduce  the  difference  in  attenuation  between 
transitions  by  choosing  transitions  which  have  a  strong  absorption  for  the  higher 
vibrational  quantum  levels  where  the  populations  are  generally  small,  and  weak 
transitions  for  lower  vibrational  quantum  levels  where  the  populations  are  large. 
In  practice  however,  one  is  never  sure  that  the  same  degree  of  attenuation  applies 
to  ail  the  probed  transitions  and  therefore,  it  seems  more  prudent  to  avoid  the  at¬ 
tenuation  issue  by  choosing  transitions  that  are  ail  weak  enough,  or  by  probing  re¬ 
gions  of  the  flowfield  where  the  number  density  is  low.  Another  way  to  minimize 
attenuation  in  regions  of  high  number  density  is  to  design  an  experiment  where  the 
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laser  beam  has  to  travel  shon  distances  through  the  dc  -vheid  before  it  reaches  the 
probed  volume.  In  practice,  region  of  high  density  ar;  located  downstream  of  the 
shock  system  created  by  a  model  placed  in  the  flow.  .Attenuation  could  then  be 
minimized  by  introducing  the  laser  beam  into  the  flowdeld  through  the  model. 

3.5.2  Laser  beam  intrusion 

Gas  molecules  within  the  region  of  a  focused  laser  beam  may  have  a  different  en¬ 
ergy  distribution  than  the  molecules  outside  the  focal  region.  Holzer  et  al?  have 
reponed  a  temperature  increase  of  up  to  130%  due  to  laser  beam  heating.  Their 
work  was  performed  with  bromine  vapor  contained  in  a  static  cell  at  a  pressure  of 
160  Torr  probed  by  a  continuous  wave  (CW)  1  W  argon  ion  laser  beam  tuned  at 
4880  A.  This  raises  the  question  of  whether  the  probing  technique  of  interest  here 
is  indeed  non  intrusive.  Because  of  the  pulsed  nature  of  the  technique  studied  here, 
the  available  laser  energy  of  approximately  lO"*  mJ  (Ref.  Section  3.2)  is  com¬ 
pressed  in  a  light  burst  lasting  approximately  30  nanosecond.  The  typical  transit 
time  of  a  molecule  in  the  probed  volume  is  of  the  order  of  one  ^isec,  therefore  the 
laser  pulse  is  virtually  instantaneous  on  the  time  scale  of  the  molecules  transiting 
in  the  probed  volume.  Two  conditions  have  to  be  met  before  significant  heating  of 
the  flow  by  the  incident  laser  beam  occurs  and  the  technique  be  considered  intru¬ 
sive:  1)  Heating  of  the  target  gas  is  particularly  significant  if  the  laser  excitation 
is  tuned  close  to  an  absorption  band  and  if  the  radiative  lifetime  of  the  resulting 
transition  is  of  the  same  order  or  larger  than  the  time  between  collisions.  Indeed, 
heating  will  occur  if  the  excited  molecules  transfer  their  energy  through  collisions 
before  they  have  the  chance  to  radiate  spontaneously.  Under  these  circumstances 
not  only  does  the  laser  beam  modify  the  energy  distributions  within  the  flow,  but 
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the  fluorescent  signal  is  no  longer  directly  representative  of  the  populations  in  the 
probed  states  since  the  upper  states  are  deexciied  through  collisions.  2)  The  rirst 
condition  being  met,  the  second  requirement  is  that  the  energy  deposited  in  the  gas 
be  significant  enough  to  change  its  thermodynamic  properties. 

Consider  how  the  molecules’  radiative  lifetime  t,  and  the  time  between 
collision  x.  compare  to  create  conditions  where  beam  heating  is  important.  Take 
the  case  where  x,  is  1 .45  ^sec  for  the  (39,  0)  R55  transition  while  can  vary  wide¬ 
ly  depending  on  the  position  within  the  plume.  For  instance,  at  a  position  close  to 
the  orifice,  say  2  orifice  diameters  downstream  of  the  exit  plane,  the  intercollision 
time  is  approximately  (Cq  n  c)'‘  *  0.4  |isec  assuming  a  local  temperature  of  500K, 
a  number  density  «  of  1.4  10*®  cm  *  and  a  collision  cross  section  a  approximated 
by  a  typical  self-quenching  cross  section'*^  equal  to  6  10'*®  cm'^,  Cq  =  200  m  sec* 
is  the  mean  thermal  speed  J  (SkT)  /  (itm) .  Therefore,  the  intercollision  time  being 
smaller  than  the  radiative  lifetime,  the  first  condition  for  intrusiveness  is  met.  Let 
us  now  check  if  the  energy  transferred  to  the  molecules  is  significant  enough  to 
perturb  the  flow.  We  estimate  the  energy  transferred  to  the  molecules  using  the  re¬ 
sults  of  Section  3.5.1  where  about  43%  of  the  laser  beam  is  absorbed  by  the  gas 
for  the  (39,  0)  R55  transition.  Recall  that  the  assumed  stagnation  temperature  and 
pressure  were  1000  K  and  100  Torr  respectively  and  that  a  position  of  zid  =  2  was 
chosen  to  correspond  to  the  worst  condition  in  terms  of  beam  attenuation.  In  such 
conditions  it  may  be  shown  that  the  laser  energy  available  on  the  plume  centerline 
at  the  location  of  the  probed  volume  is  3  10'’  J  and  that  7%  of  that  energy  is  added 
to  the  gas  contained  in  the  probed  volume.  This  energy  produces  an  increase  in  gas 
temperature  of  only  12  K  assuming  a  specific  heat  of  0.1  J  gr*  K  '.*°The  temper¬ 
ature  increment  AT  was  calculated  using 


A£ 


AT  = 

m 

where  m  is  the  total  mass  of  A  contained  in  the  probed  volume  and  the  volume  is 
a  small  cylinder  0.15  mm  diameter  by  0.15  mm  length.  Funher  downstream  of  tne 
orifice  exit  plane,  the  number  density  and  temperature  decrease  reiariveiy  fas: 
which  has  the  effect  of  increasing  the  intercollision  ti.me  and  hence  reduce  intru¬ 
sion  of  the  laser  beam.  In  summary,  situations  where  laser  beam  heating  may  pose 
a  problem  is  when  r,  >  ^d  the  energy  added  to  the  how  is  enough  to  change  the 
temperature  of  the  flow.  About  2%  increase  in  temperature  is  expected  when  the 
number  density  is  of  the  order  of  10*®  cm the  local  temperature  500  K  and  the 
transition  is  strong  with  a  5.2  coefficient  =  10**  m*  J  sec^.  Consequently,  in  the 
context  of  this  study,  we  shall  consider  that  the  laser  beam  is  non  intrusive.  It  is 
conceivable  that  for  high  enough  number  density,  significant  hearing  of  the  gas 
will  occur.  In  this  case,  it  is  possible  to  narrow  the  observation  window  so  that  the 
fluorescent  photons  detected  are  unaffected  by  collisions. 

3.5  J  Lineshape  broadening 

During  the  LIF  process,  the  emitted  photon  is  considered  independent 
of  the  absorbed  photon  and  therefore,  the  scattered  radiation  lineshape  will  be  sub¬ 
ject  to  lifetime  broadening.  Since  the  excited  state  lifetimes  are  relatively  long  (lO* 
*-10"’  sec),  the  emitted  photons  is  subject  to  coilisional  or  pressure  broadening. 

Let  us  now  evaluate  the  extent  to  which  different  broadening  mecha¬ 
nisms  may  affect  the  spectral  distribution  of  the  LIF  photons.  Pressure  and  Dop¬ 
pler  broadening  are  expected  to  be  the  most  significant  close  to  the  orifice.  The 
pressure  broadened  lineshape  width  is  given  by 
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where  D  is  the  moiecule  diameter  in  A.  P  the  pressure  m  Torr,  .V/  the  molecular 
weight  and  T  the  temperature  in  K.  The  width  of  a  Doppler  broadened  may  be  ex¬ 
pressed  as 
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where  a.,  is  the  incident  wavelength  expressed  in  tim.  Taking  the  extreme  pressure 
of  1  Atm.  and  the  maximum  temperature  encountered  in  the  facility  of  1000  K,  one 
gets  a  pressure  broadened  lineshape  width  of  0.01  A  and  a  Doppler  broadened  pro¬ 
file  width  of  7  10’^  A  assuming  laser  pumping  at  5145  A.  Therefore.  Doppler  and 
pressure  broadening  of  the  emined  radiation  arc  too  small  to  pose  a  resolution 
problem.  Similarly,  lifetime  broadening  can  be  considered  negligible.  For  a  tran¬ 
sition  of  lifetime  t  the  spectral  lincwidth  of  the  emitted  photons  is  (2:rT)  .  Choos¬ 
ing  a  shon  transition  lifetime  of  10**  sec  results  in  a  linewidth  of  about  10^  A  for 
a  pumping  laser  wavelength  of  about  5000  A.  Predissociation  may  in  cenain  con¬ 
ditions  reduce  the  lifetime  of  a  transition,”  however  observed  predissociation 
rates  are  of  the  same  order  or  smaller  than  purely  radiative  rates.  Consequently, 
predissociation  produces  broadening  effects  that  are  of  the  same  order  or  smaller 
than  lifetime  broadening  effects  and  therefore  can  be  ncglcciccL 


To  summarize,  it  seems  that  lifetime  and  predissociation  broadening  ef¬ 
fects  are  very  small  compared  to  Doppler  and  pressure  broadening  which  stan  be¬ 
ing  of  the  order  of  the  laser  linewidth  (~  0.01  A)  for  regions  of  the  flow  where  the 
temperature  is  above  1000  K  and  the  pressure  is  higher  than  1  Atm.  In  the  context 
of  this  work,  the  laser  linewidth  is  larger  than  any  of  the  widths  resulting  from  the 
aforementioned  broadening  mechanisms.  Consequently,  the  emission  spectra  are 
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expected  to  display  peaic  widths  which  correspond  to  the  laser  linewidth. 

3.5.4  Predissociation 

•? 

As  mentioned  in  Section  3.2  molecules  pumped  into  the  B  ('O^ .  )  suffer  natural 
oredissociation  bv  transitioning  to  the  repulsive  Tl  state  (Ref.  Figure  3).  Precis- 
sociation  plays  a  significant  role  in  the  determination  of  the  population  within  a 
rovibrational  level  because  its  magnitude  may  vary  according  to  the  transition  be¬ 
ing  pumped  by  the  laser.  It  is  conceivable  that  two  transitions  which  are  adjacent 
in  wavelength  have  upper  states  with  completely  different  quantum  numbers  and 
therefore,  different  predissociation  characteristics.  In  such  a  case  predissociation 
affects  the  emission  characteristics  of  both  transitions  differently  and  if  this  dif¬ 
ference  is  unknown  or  not  measured,  the  relative  lower  state  populations  cannot 
be  determined.  In  this  section,  it  is  of  interest  to  investigate  the  extent  to  which 
predissociation  may  affect  LEF  measurements  and  how  its  effects  may  be  mini¬ 
mized. 


Typically  the  total  spontaneous  decay  rate  can  be  written 

—  (40) 

^toi 

where  and  v’  are  the  total,  radiative  and  non  radiative  (due  to  predis¬ 

sociation)  decay  rates  respectively.  Tellinghuisen  surmised  that  the  non  radiative 
decay  rate  is  a  function  of  both  the  excited  state  vibrational  and  rotational  quan¬ 
tum  numberr“ 


—  =  K(V’)  •./’(/’ -t-l)  .  (41) 

Capelle  and  Broida^  measured  total  spontaneous  decay  rates  (Xb,,'*)  of  the  B  state 
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by  direct  decay  method  using  a  relatively  broad  band  FsVHM  =  I- 10  Aj  pulsec 
laser.  .As  a  result,  their  lifetime  measurements  are  not  state  specific  since  the  oc- 
served  fluorescence  is  the  result  of  the  spontaneous  decay  of  several  e.xcited  states. 
Nevertheless,  their  measurements  showed  a  few  interesting  features;  1)  A  long 
range  variation  of  the  predissociative  rate  corresponding  to  the  vananon  in  over¬ 
lap  integral  of  the  B  and  'n^  states’  wavefunctions.  2;  .A  rather  signincant  scatter 
thought  to  be  due  to  the  rates’  dependence  on  rotational  quanmm  number.  3)  Pre- 
dissociation  rates  are  similar  in  magnitude  as  the  purely  radiative  decay  rates. 
More  recently,  Paisner  and  Wallenstein"*^  and  later  Broyer  repeated  Capelle 
and  Broida’s  experiment  with  a  narrow  band  laser  which  enabled  excitation  of  in¬ 
dividual  rovibrational  states.  Their  study  indicates  that  Capelle  and  Broida’s  mea¬ 
surements  are  off  by  an  average  of  about  15%  acid  that  the  predissociative  rates 
are  indeed  dependent  on  the  upper  states  vibrational  and  rotational  quantum  num¬ 
ber  for  V"  <  18  as  anticipated  by  Tellinghuisen.  Their  values  of  KiV”)  are  smaller 
that  Tellinghuisen ’s  by  a  factor  about  ten.  A  clear  explanation  for  this  discrepancy 
remains  to  be  produced. 

Traditionally,  focus  has  been  placed  on  the  state  because  it  is  main¬ 
ly  responsible  for  the  direct  dissociation  (lu  X)  of  ground  state  molecuies  being 
directly  absorbed  in  the  dissociative  state  during  the  pumping  process.  Approxi¬ 
mately  10-50%  of  the  total  absorption  may  go  into  direct  dissociative  transi¬ 
tions.^^  As  mentioned  in  the  previous  paragraph  the  state  is  also  a  major 
contributor  in  the  predissociation  (lu  5  <— X)  of  the  B  state.  Its  relative  position 
to  the  5  state  is  fairly  well  known;  the  '11^^  state’s  repulsive  branch  lies  above  and 
parallel  to  the  inner  limb  of  the  B  state,  and  crosses  it  at  a  fairly  low  vibrational 
level  V  =  2“'  (Ref.  Figure  3).  There  are  however  other  dissociative  states  crossing 
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the  3  state  on  its  outer  limb.  These  are  the  .  'll  ,  ,  and  the  'A,  states 

2|  i  0$  Om  3  M 

according  to  Steinfeid*^  while  Mulliken  believes  the  state  may  indeed  be  the 
state.”  Verv  little  attention  has  been  given  to  the  effect  these  states  may  have 
on  predissociation  rates.  Since  these  levels  cross  the  outer  limb  of  the  B  state,  one 
would  expect  a  significant  increase  in  predissociaiive  .-eactions  when  the  laser  be¬ 
comes  resonant  with  a  transition  whose  upper  level  matches  the  crossing  point  en¬ 
ergy.  similar  argument  has  been  used  by  Mulliken  in  order  to  identify 
dissociative  states  which  play  a  significant  role  in  magnetic  predissociation.”  This 
sudden  increase  in  predissociative  rate  has  not  yet  been  observed  experimentally. 
Even  Broyer  et  who  were  able  to  measure  radiative  lifetimes  of  individual 
rovibrational  transitions  with  the  use  of  two  independent  methods,  could  not  show 
evidence  of  that  phenomenon.  There  study  however,  was  performed  by  exciting  a 
limited  number  of  transitions  which  most  probably  did  not  correspond  to  crossing 
points.  Steinfeid"  attempts  to  determine  the  vibrationai  levels  of  the  B  state  which 
correspond  to  crossing  points,  these  are  shown  in  Figure  3,  but  there  is  enough  un¬ 
certainty  both  in  the  position  of  the  repulsive  states  and  their  identity  that  a  precise 
determination  of  the  crossing  point  energy  and  intemuclear  distance  is  virtually 
impossible.  A  more  systematic  study,  where  the  lifetime  of  subsequent  rotational 
transitions  within  the  same  vibrational  state  is  measured,  is  in  order  if  predissoci¬ 
ation  from  crossing  states  is  to  be  investigated.  The  experiment  conducted  in  the 
present  study  shows  some  evidence  that  predissociation  from  other  states  than  the 
'n^  state  may  play  a  significant  role  if  individual  rovibrational  transitions  are  ex¬ 
cited.  This  will  be  discussed  in  Section  5.5. 

In  summary,  predissociation  of  the  upper  state  involved  in  the  pulsed 
LEF  process  of  interest  here  is  significant  and  cannot  be  neglected.  Most  of  the  pre- 
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dissociation  is  caused  by  the  ‘n,  state.  Its  effects  can  however  be  quantified  ce- 
cause  many  studies  have  been  dedicated  to  determining  decay  rates  of  the 
rovibrational  levels  of  the  B  state.  However,  complications  may  anse  from  other 
dissociative  states  crossing  the  B  state  on  its  outer  limb  because  predissociation 
induced  by  these  states  has  not  been  examined  in  detail.  In  order  to  avoid  any  po¬ 
tential  problems  related  to  these  states,  it  is  recommended  that  levels  suspected  of 
being  close  to  a  crossing  point  be  avoided.  Another  way  to  avoid  this  problem 
would  be  to  systematically  measure,  under  well  defined  experimental  conditions, 
the  lifetime  of  each  upper  state  being  used  in  the  technique. 

3.5,5  Quenching 

The  previous  paragraph  showed  how  the  upper  excited  state  5  .  )  may  be  de¬ 

populated  by  predissociative  reactions.  Another  mechanism  by  which  the  upper 
state  can  relax  is  collisionai  deexcitation.  This  would  correspond  to  the  term  R2i  in 
Equation  (3)  becoming  of  the  same  order  as  the  spontaneous  radiative  decay  term 
Ai  and  the  predissociative  rate  This  phenomenon,  more  commonly  known  as 
quenching,  occurs  when  the  molecules  excited  to  the  B  state  are  deexcited  by 
means  of  energy  transfer  during  collisions  with  other  molecules  rather  than  by 
emitting  a  photon.  Under  this  condition,  the  upper  state  population  and  conse¬ 
quently  the  fluorescent  intensity  (integrated  over  the  excited  state’s  lifetime)  be¬ 
come  independent  of  the  lower  state  population.  Quenching  becomes  significant 
when  the  intercollision  time  based  on  a  quenching  cross  section  is  of  the  same 
order  as  the  radiative  lifetime  The  argument  is  similar  to  the  one  developed  in 
analyzing  the  intrusiveness  of  the  laser  beam,  (Ref.  Section  3.5.2)  but  this  time  a 
quenching  cross  section  is  used  instead  of  a  collision  cross  section.  Quenching 
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cross  sections  for  a  variety  of  transitions  and  quenching  partners  have  been  repon- 
ed/^  A  typical  self  quenching  cross  section  is  approximately  60  A-.  As  mentioned 
in  Section  3.2,  most  of  the  pressures  conditions  encountered  in  the  downelds  ex¬ 
amined  in  this  work  are  low  enough  that  quenching  may  be  neglected.  However, 
taking  the  exmeme  flow  conditions  of  the  example  in  Section  3.5.2,  it  can  be 
shown  that  the  intercollision  time  is  of  the  same  order  as  the  radiative  lifetime. 
This  implies  that  at  least  for  these  conditions,  quenching  effects  may  be  significant 
enough  to  prevent  the  accurate  measurement  of  populations.  Moreover,  future  ex¬ 
periments  will  probably  be  performed  at  higher  pressures  where  quenching  effects 
are  definitely  significant.  In  the  subsequent  paragraphs,  we  shall  examine  what 
may  be  done  to  the  probing  technique  so  that  it  is  not  sensitive  to  quenching  ef¬ 
fects. 


The  fluorescent  trace  produced  by  a  shon  laser  pulsed  has  a  maximum 
that  is  proportional  to  N2(.0*)  the  population  in  the  excited  state  immediately  after 
the  laser  pulse.  The  laser  pulse  width  is  assumed  smaller  than  the  intercollision 
time  based  on  a  quenching  cross  section.  For  the  sake  of  argument,  let  us  for  now 
ignore  all  the  depopulating  terms  of  Equation  (3),  in  such  a  case  NiiO*)  can  be  ap¬ 
proximated  by 


iV,(0*  )  TO 

where  all  the  terms  have  been  defined  in  Section  3.2.  After  the  pulse,  the  fluores¬ 
cence  decays  as 
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where  all  the  terms  have  been  defined  in  Section  3.2.  Noting  that  the  quenching 
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rate  R-^  may  .vritten  as  the  product  of  the  lower  state  population  y,  a  quenching 
cross  section  2^  and  an  average  relative  velocity  V„  N-jj)  may  be  rewntten  as 


^:(0  = 


(44) 


where  it  is  assumed  that  the  total  population  Nq  in  the  X  state  is  proportional  to  the 
population  -V.  in  the  rovibrational  level  being  excited  by  the  laser: 


N,  =  N(V')N(r)N,, 


(45) 


where  N  (V”)  and  .V  {J”)  have  been  defined  in  Section  3.5.1.  The  fluorescence  sig¬ 
nal  integrated  over  time  is: 


f/iuo  ~  J^2 (0 ~ 


(vj£. 


(46) 


If  quenching  becomes  imponant,  the  predissociation  and  spontaneous  decay  terms 
may  be  ignored  and  Equation  (46)  becomes 


huo - - ,  (47) 

AcN,Y/'Q^ 

which  is  independent  of  Nj.  So  in  the  quenched  limit,  the  peak  of  the  LIF  signal  is 
directly  proponional  to  A(j,  while  the  integral  is  not.  Based  on  this  fact,  we  detect 
fluorescence  only  at  the  peak  of  the  fluorescent  pulse.  This  is  achieved  by  gating 
the  detection  with  a  100  nsec  window  centered  around  the  laser  pulse  maximum. 
Since  most  of  the  upper  states  used  in  this  work  are  long  lived  (x^-a^  »  1-2  psec),  it 
is  reasonable  to  assume  that  a  100  nsec  gate  detects  only  the  photons  emitted  at 
the  maximum  of  the  fluorescent  pulse.  The  gate  width  is  chosen  to  be  small  com¬ 
pared  to  the  radiative  lifetime,  but  wide  enough  to  minimize  noise  induced  by  laser 
jitter. 
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Chapter  4 


The  Pilot  Scale  Hypersonic  Wind  Tunnel 

4.1  Introduction 

The  pilot  scale  hypersonic  wind  tunnel  was  conceived  so  that  difficulties  in  han¬ 
dling  iodine  could  be  dealt  with  on  a  scale  that  would  allow  easy  and  inexpensive 
modifications  of  the  facility  should  design-related  failure  occur.  A  semi-continu- 
ous  operation  of  the  wind  tunnel  does  not  only  serve  as  a  proof  of  concept,  but  is 
also  used  as  the  basis  for  the  design  of  a  larger  scale  wind  tunnel  also  operating 
on  iodine  but  running  at  about  ten  times  the  flow  rate  of  the  facility  described  here. 
The  corrosive  nature  of  iodine  and  the  wide  temperature  range  encountered  in  dif¬ 
ferent  components  of  the  facility  are  the  two  main  design  considerations.  Because 
very  little  data  can  be  found  on  materials  resisting  corrosion  from  high  tempera¬ 
ture  iodine,  the  pilot  scale  wind  tunnel  described  here  is  ideal  to  test  the  few  cor¬ 
rosion  resistant  candidates  as  well  as  preliminary  operational  procedures. 

A  schematic  of  the  vertically  mounted  prototype  wind  tunnel  facility  is 
shown  in  Figure  18.  The  facility  is  a  closed  circuit  for  safety  reasons  regarding  the 
toxic  nature  of  iodine  (Ref.  Section  4.7),  it  operates  on  a  semi-continuous  basis 
with  a  run  time  of  roughly  1/2  hour  and  a  recirculation  time  of  about  2  hours.  Dur¬ 
ing  the  run  phase,  high  temperature  iodine  stored  in  the  boiler  is  expanded  through 
a  sonic  orifice  and  into  a  vacuum  chamber  where  optical  diagnostics  are  per¬ 
formed.  The  iodine  flow  is  pumped  using  condensation  shields  in  the  cold  traps 
mounted  in  series  for  better  protection  of  both  the  diffusion  pump  and  the  rough¬ 
ing  pump.  The  second  phase  of  the  operation  consists  of  recycling  from  the  cold 
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traps  used  to  condense  the  iodine  during  the  run  phase,  to  the  supply  chamber 
(boiler)  cooled  to  liquid  nitrogen  temperature.  Recirculation  is  achieved  by  the 
pressure  differential  between  the  heated  cold  traps  and  the  cooled  boiler  walls. 


Fume  Hood 


Figure  18:  Schematic  of  the  pilot  scale  hypersonic  wind  tunnel  operating  on  pure  iodine. 


Figure  19  shows  a  pressure-temperature  diagram  for  the  facility  used  in  his  work. 
Note  that  the  stagnation  temperature  and  pressure  represented  correspond  to  the 
extreme  case  of  1000  K  and  760  Torr,  respectively.  Typical  flow  conditions  for  the 
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data  presented  in  this  work  are  1000  K  and  100  Torr. 


PILOT  SCALE  FACiUTY  CYCLE 


Figure  19:  Pressure-tempcianire  diagram  of  ihc  pilot  scale  wind  tunnel  cycle. 


Preliminary  calculations  indicate  that  for  a  stagnation  pressure  of  100  Torr,  an  or¬ 
ifice  diameter  of  2  mm  and  a  stagnatloa  temperature  upstream  of  the  orifice  of 
about  1000  K,  the  mass  flow  rate  during  the  run  phase  is  0.15  g  sec'  (Ref.  Equation 
(48)).  If  a  total  mass  used  per  run  is  fixed  at  1  kg,  the  run  phase  will  last  approxi¬ 
mately  30  minutes.  The  following  sections  will  describe  "he  work  that  has  been 
done  on  the  construction  of  the  pilot  scale  flow  facility.  Design  considerations, 
problems  encountered,  solutions  and  suggestions  are  outlined. 


4.2  The  boiler  and  stagnation  pressure  measurement 
During  the  run  phase,  the  supply  of  iodine  is  heated  so  that  the  iodine  vapor  pres¬ 
sure  corresponds  to  the  stagnation  pressure  desired  for  the  run.  For  example,  in 
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order  :o  obtain  a  stagnation  pressure  of  100  Torr,  the  boiler  temperature  has  to  be 
regulated  to  about  390  K.  The  vapor  pressure  curve  of  iodine  is  shown  in  Figure 
25.  The  pressure  in  the  injection  portion  of  the  wind  tunnel  (i.e.  just  upstream  of 
the  sonic  orifice)  is  expected  to  remain  at  the  boiler  pressure  since  the  Tansfer  duct 
between  the  boiler  and  the  stagnation  chamber  has  an  inner  diameter  which  match¬ 
es  that  of  the  stagnation  chamber.  The  stagnation  chamber  and  transfer  duct  are 
made  of  Hastelloy*  (C276)  which  was  found  to  be  the  only  commercially  available 
alloy  capable  of  resisting  iodine  corrosion  at  high  temperamres.  The  transfer  duct 
is  heated  by  four  500  Watts  mica  band  heaters  and  insulated  with  mineral  wool  to 
minimize  heat  losses  and  hence  prevent  crystallization  of  the  iodine  on  the  duct’s 
inner  wall.  For  the  same  reason  the  3.5  cm  I.D.  ball  valve  VI  separating  the  stag¬ 
nation  chamber  from  the  boiler  is  heated  with  heat  bands  and  insulated.  All  the  ball 
valve  surfaces  in  contact  with  iodine  are  made  of  SS  316  and  the  ball  seat  material 
is  virgin  Teflon*.  The  boiler  is  one  of  the  most  critical  pan  to  design  because  it  has 
to  be  heated  as  uniformly  as  possible  in  order  to  avoid  cold  spots  on  which  the  io¬ 
dine  would  condense.  Moreover,  the  boiler  has  to  withstand  temperamres  up  to 
455  K  (where  the  iodine  vapor  pressure  is  about  760  Torr)  during  the  run  phase 
and  has  to  be  cooled  to  liquid  nitrogen  temperatures  during  the  recycling  period. 
For  the  facility  to  have  a  rapid  turn  around  time,  the  boiler  has  to  be  thermally  cy¬ 
cled  quite  rapidly  (from  455  K  to  70  K)  in  minutes  without  loss  of  vacuum  integ¬ 
rity.  For  this  reason,  the  boiler  is  entirely  made  of  Hastelloy  and  welded  together 
to  avoid  seal  degradation  during  thermal  cycling.  Heat  to  the  boiler  is  provided  by 
a  bath  of  recirculated  hot  synthetic  oil  for  uniform  and  better  heat  conduction.  In 
the  latter  pan  of  the  project,  this  heating  scheme  was  replaced  with  three  1250 
Watts  mica  band  heaters  in  direct  contact  with  the  boiler  circumference  and  ther- 
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mally  isolated  from  the  ambient  air  with  mineral  wool. 

Pressure  in  the  boiler  was  determined  by  measuring  the  deflection  of  a 
previously  calibrated  Hastelloy  bellows.  The  bellows  is  capped  on  one  end  and  the 
remaining  open  end  is  welded  to  a  2.5  cm  hole  drilled  between  the  boiler  and  VI. 
A  cylindrical  guide  allows  the  bellows  to  expand  and  contract  along  a  single  axis 
without  significant  friction.  Figure  20  shows  calibration  curves  obtained  by  evac¬ 
uating  the  boiler  until  the  pressure  is  about  10’^  Torr,  then  slowly  introducing  air 
in  the  boiler  while  recording  both  the  pressure  and  the  corresponding  bellows  de¬ 
flections.  Although  the  procedure  was  repeated  for  several  temperatures  (20,  120, 
180®  C),  it  was  found  that  the  bellows  deflection  is  relatively  temperature  indepen¬ 
dent.  The  curves  shown  in  Figure  20  indicate  that  iodine  pressures  from  20  Torr 
to  760  Torr  can  be  measured  with  an  accuracy  ranging  from  10%  at  20  Torr  to 
about  4%  at  760  Torr. 
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Pressure  in  Boiler  (Torr) 

Figure  20:  Iodine  pressure  gauge  caiitxadon  curves  for  different  temperamies. 
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4.3  The  stagnation  chamber 

The  pnmar/  purpose  of  the  stagnation  chamber  is  to  superheat  the  iodine  from  the 
boiler  temperature  of  about  400  K  to  the  stagnation  temperature  desired  for  the  run 
which  is  usually  of  the  order  of  1000  K.  The  stagnation  chamber  being  the  hottest 
component  of  the  entire  flow  facility,  special  attention  had  to  be  given  to  its  design 
to  prevent  corrosion  from  iodine  and  minimize  heat  losses.  The  central  body  of  the 
stagnation  chamber  assembly  is  made  of  a  3.5  cm  I.D.  Hastelloy  cylinder  welded 
at  one  end  to  a  transfer  tube  connected  to  VI,  and  threaded  at  the  other  end  to  al¬ 
low  easy  replacement  of  the  sonic  orifice  assembly.  The  data  presented  in  this 
work  was  obtained  with  an  orifice  assembly  consisting  of  a  Monel*  plug  in  which 
a  2  mm  orifice  was  drilled.  The  orifice’s  aspect  ratio  L/D  is  about  0.5.  The  orifice 
assembly  can  easily  be  interchanged  with  another  orifice  of  different  size  or  a  noz¬ 
zle  if  the  plume  properties  need  to  be  changed.  The  interchangeability  of  the  noz¬ 
zle  assembly  may  also  allow  convenient  inspection  of  the  stagnation  chamber 
interior  for  traces  corrosion  or  deposits. 


The  mass  flow  exiting  the  stagnation  chamber  may  be  calculated  using 

(T+1)/(2(T-1)) 


^  P  r .  2  . 


(48) 


where  Pq,  Tg  are  the  stagnation  pressure  and  temperature  respectively.  A*  is  the 
cross  sectional  area  of  the  throat,  m  is  the  mass  of  the  iodine  molecule  equal  to 
4.22  10  “  kg  and  k  is  Boltzmann  constant,  yis  the  specific  heat  ratio  taken  as  9/7 
under  the  assumption  that  both  rotational  and  vibrational  degrees  of  freedom  are 
activated.  If  the  stagnauon  pressure  is  tuned  to  100  Torr  and  the  stagnation  tem¬ 
perature  to  1000  K,  the  mass  flow  rate  is  about  0.15  g  sec‘‘  for  a  2  mm  diameter 
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orincs.  And  the  resulting  run  time  is  about  30  minutes  tor  a  total  supply  of  iodine 
of  1  kg. 

To  minimize  heat  losses  from  the  stagnation  assembly  to  the  test  sec¬ 
tion.  a  2  mm  thick  Hastelloy  membrane  is  welded  to  the  bottom  of  the  stagnation 
chamber  and  connects  it  to  the  test  section.  Assuming  a  linear  decay  of  tempera¬ 
ture  through  the  membrane,  and  a  thermal  conductivity  of  0.2  W  cm'*  K  *  (typical 
value  for  nickel  alloys),  the  maximum  power  loss  through  the  membrane  is  ap¬ 
proximately  140  W.  The  membrane  will  also  confine  losses  due  to  black  body  ra¬ 
diation  from  the  nozzle  or  orifice  assembly  and  its  immediate  vicinity.  Preliminary 
calculations  indicate  that  at  most  80  W  would  be  lost  assuming  ideal  black  body 
radiation  and  a  radiating  surface  of  approximately  10  cm^.  Because  the  Hastelloy 
membrane  is  thin,  it  does  not  counteract  any  axial  loads  due  to  the  difference  of 
pressure  between  the  interior  and  the  outside  of  the  chamber.  To  prevent  the  stag¬ 
nation  chamber  from  collapsing  in  the  test  section,  four  small  vertical  winglets  are 
welded  to  the  top  of  the  stagnation  chamber  and  rest  on  a  platform  which  can  be 
adjusted  in  height.  The  winglets  are  designed  with  point  contacts  to  the  platform 
to  minimize  heat  losses  due  to  conduction.  The  stagnation  chamber  is  heated  with 
two  500  Watts  ceramic  fiber  heaters  whose  body  is  molded  in  ceramic  fiber  mate¬ 
rial  for  thermal  insulation. 

The  iodine  supplied  by  the  boiler  diffuses  to  the  stagnation  chamber  at 
a  pressure  of  approximately  100  Torr  and  a  temperamre  of  390  K.  The  purpose  of 
the  stagnation  chamber  is  to  transfer  enough  energy  to  the  iodine  to  raise  the  gas 
from  boiler  temperature  to  the  desired  stagnation  temperature  of  about  1000  K. 
The  dimensions  of  the  stagnation  chamber  are  chosen  so  that  the  transit  time  of 


the  icdine  in  the  chamber  is  large  enough  to  allow  equilibration  of  the  iodine  :em- 
perat'ure  to  the  wail  temperature.  Let  us  assume  a  mass  flow  rate  of  0. 1  g  sec  ‘  and 
a  speaiflc  heat  for  iodine  of  0.15  J  the  power  required  to  heat  the  gas  rrorr. 
390  K  to  1000  K  is  approximately  =  8  W.  Taking  the  local  coefficient  of  heat 
transfer //for  turbulent  flow  as  0.334  10“*  J  see'*  cm'*  the  length  L  of  the  stag¬ 
nation  chamber  required  to  heat  the  iodine  may  be  obtained  by  equating  power  re¬ 
quired  to  power  transferred  from  the  chamber  walls: 


L  = 


HkDAT' 


,a9'> 


where  D  is  the  diameter  of  the  stagnation  chamber  and  dT  is  the  logarithmic  mean 
of  the  temperature  increase  of  the  gas.  Using  Equation.  (49),  a  length  L  of  27  cm 
is  obtained  for  a  mbe  diameter  D  of  3.8  cm.  The  actual  length  of  the  stagnation 
chamber  is  about  30  cm. 


The  determination  of  the  degree  of  dissociation  of  the  /j  molecules  in 
the  stagnation  chamber  is  of  importance  if  chemistry  is  to  be  studied  in  the  plume 
downstream  of  the  expansion  throat  An  estimate  of  the  degree  of  dissociation  may 
be  obtained  by  assuming  thermodynanoic  equilibrium  of  an  ideal  dissociating  gas 
in  the  stagnation  chamber.  By  combining  the  law  of  mass  action:^ 


_  Pd  -*yr 
1-a  ~  p 


and  the  ideal  dissociating  gas  law 


(50) 


_  2Pm 
^  ~  (l+a) kT  ’ 

one  can  solve  for  the  degree  of  dissociation  a 
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where  9^,  P  and  T arc  the  characteristic  temperature  of  dissociation  taken  as  l''S9‘i 
K,  the  pressure  and  the  temperature  on  the  gas  respectively,  k.  is  the  Boltzmann 
constant  and  m  the  mass  of  the  iodine  atom  equal  to  2.1  10'^  kg.  is  a  charac- 
tensnc  dissociadon  density^  defined  as: 


P. 


Kmk 

mi-y-) 

hr 


3/;  _ 

9,vr(l-e 


where  9,  and  9v,are  the  characterisric  temperature  for  rotadon  and  vibration  taken 
as  0.05d2  K  and  308.8  K  respectively  andQJ^  and  Q"  are  the  electronic  partition 
functions  of  the  atom  and  of  the  molecule  taken  as  4  and  1  respectively,  h  is 
Planck's  constant,  m,  k  and  T  have  been  defined  earlier.  Figure  2 1  shows  the  degree 
of  dissociation  one  would  expect  to  find  in  the  stagnadon  chamber  as  a  function 
of  stagnadon  temperature  for  stagnation  pressures  of  30,  100  and  760  Torr. 
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Figure  21:  Degree  of  dissociation  in  the  stagnation  chamber  versus  equilibrium  temperature 
for  sugnation  pressures  of  30,  100,  760  Torr. 


68 


4.4  Pumping  of  iodine  and  incondensibles 

During  the  run  phase,  the  iodine  flows  through  the  sonic  orifice  or  nozzle,  expands 
in  the  test  section  where  diagnostics  are  performed  and  is  subsequently  pumped 
by  condensation  on  two  cold  traps  mounted  in  series.  The  cold  traps  are  Teflon 
coated  and  have  a  combined  cryogenic  surface  of  approximately  600  cm-  yielding 
a  pumping  capacity  of  about  I  g  sec'  assuming  a  total  accommodation  of  the  io¬ 
dine  molecule  after  one  hit  on  the  cryogenic  surface,  a  pressure  of  fOO  mTorr  and 
room  temperature  (saturation  of  the  shields  has  been  neglected).  Pumping  of  the 
incondensibles  during  the  run  phase  in  undertaken  by  a  diffusion  pump  with  a 
pumping  capacity  of  about  ICOO  liters  sec'  able  to  maintain  the  background  pres¬ 
sure  at  10^  Torr.  It  is  important  that  the  diffusion  pump  and  its  roughing  pump  be 
isolated  from  the  iodine,  for  this  reason,  the  cold  traps  are  always  kept  at  liquid 
nitrogen  temperature  during  the  run  phase.  Krytox*  diffusion  pump  oil  was  found 
to  be  the  only  low  vapor  pressure  oil  that  does  not  react  with  iodine.  All  hydrocar¬ 
bon  based  diffusion  pump  oils  showed  some  reaction  with  iodine  and  consequent¬ 
ly,  could  not  be  used.  In  a  general  manner  Krytox  pump  oils  and  vacuum  grease 
proved  to  be  rather  inert  in  an  iodine  environment. 

4.5  Recycling 

When  all  the  iodine  supply  contained  in  the  boiler  has  been  used,  most  of  the 
working  gas  is  in  principle  frozen  on  the  cold  traps.  At  this  stage,  recycling  of  the 
iodine  can  be  performed:  the  gate  valve  is  closed  to  protect  the  pumping  units,  hot 
air  is  blown  through  the  cold  traps  so  that  the  frozen  iodine  sublimates  (Ref.  Fig¬ 
ure  19),  V2  (Ref.  Figure  18)  is  opened  and  the  boiler  walls  are  now  cooled  to  LN2 
temperature.  During  this  phase,  the  cold  traps  are  heated  to  about  330  K  where  the 
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iodine  vapor  pressure  is  about  3  Torr  (Ref.  Figure  19''.  When  the  iodine  evapo¬ 
rates.  it  flows  through  the  return  duct  and  freezes  on  the  boiler  wails.  During  the 
recycle  phase,  it  is  important  that  the  pressure  remains  low  enough  to  allow  flow 
of  the  iodine.  Since  the  pumping  system  is  at  this  point  isolated  from  the  chamber, 
it  is  critical  that  the  leak  rate  of  the  chamber  is  reduced  to  a  minimum.  Calcula¬ 
tions  assuming  an  incompressible  Poiseuille  flow  within  the  return  duct  indicate 
that  the  recirculation  time  should  be  of  the  order  of  1  hour.  The  mass  flow  rate 
through  the  recycling  duct  is  described  by”*’ 


m  = 


ita*  m 


(54) 


2  kT  ' 

where  a,  /,  m  and  r|  are  the  radius,  length  of  the  mbe,  the  mass  of  the  iodine  mol¬ 
ecules  and  the  visccsity  of  the  iodine  vapor  respectively.  P  and  T  are  the  pressure 
and  temperature  taken  as  2  torr  and  323  K  respectively.  A  value  of  14  lO"^  N  sec 
m-^  was  selected  for  the  viscosity^  at  323  K.  In  practice,  however,  recirculation 
times  are  2  to  3  hours.  This  is  partly  due  to  transients  in  heating  the  cold  traps  and 
losses  in  the  recirculation  path  caused  by  bends  and  constrictions. 


In  order  for  the  recirculation  process  to  be  efficient  it  is  important  that 
all  pans  of  the  test  section  be  heated  to  the  temperature  corresponding  to  the  vapor 
pressure  necessary  to  drive  the  iodine  to  the  boiler.  For  this  purpose,  a  plexiglass 
shroud  was  built  around  the  entire  facility  and  a  5  kW  heater  is  used  to  blow  hot 
air  around  it  (Ref.  Figure  18).  If  the  test  facility  is  nonuniformly  heated,  iodine 
will  condense  on  its  coldest  surfaces,  thus  delaying  the  recirculation  process. 

A  subtle  but  imponant  issue  concerning  recirculation  deals  with  the  ac¬ 
cumulation  of  incondensibles  in  the  boiler.  As  the  iodine  vapor  condenses  on  the 
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boiler  walls,  incondensibles  carried  with  it  are  separated  from  ’.ht  ^3  molecules 
and  over  time  build  up  pressure  within  the  boiler,  which  in  mm  s.  jws  funher  flow 
of  iodine  from  the  test  section.  Venting  of  the  incondensibles  during  the  recircu¬ 
lation  phase  is  therefore  necessary.  This  was  achieved  either  by  opening  VI  (Ref. 
Figure  18)  during  recirculation,  or  actively  pumping  on  the  downstream  side  of 
the  boiler  using  a  bypass  line  to  the  main  pumping  system.  Related  phenomena  are 
relatively  well  known  effects  to  users  of  cold  trapped  .Macleod  gauges.  It  was  also 
used  by  Muntz  to  enhance  the  operation  of  an  isotope  separation  system.'*’-^® 

4.6  Material  considerations 

As  may  have  been  noticed  in  the  preceding  sections,  the  use  of  high  temperamre 
iodine  as  a  working  gas  makes  the  choice  of  the  materials  used  in  the  construction 
of  the  wind  mnnel  critical.  The  corrosive  nature  of  iodine  paniculariy  at  high  tem¬ 
peratures  is  one  of  the  main  considerations  in  the  design  of  the  flow  system.  Very 
little  data  was  found  on  materials  resisting  iodine  corrosion,  for  this  reason,  the 
pilot  scale  wind  tunnel  can  also  be  viewed  as  a  means  of  testing  materials  whose 
adequacy  for  use  in  an  iodine  environment  is  questionable.  Table  4  gives  a  sum¬ 
mary  of  the  metals  we  feel  are  good  candidates  for  use  in  the  flow  system  along 
with  their  composition.  As  may  be  seen  from  this  table,  a  higher  content  of  nickel 
and  molybdenum  seems  to  be  a  decisive  factor  in  resisting  iodine  corrosion.  When 
the  use  of  non  metallic  materials  is  required,  for  example  when  gaskets  or  coatings 
are  required,  it  was  found  that  Teflon  and  fluocarbon  provide  excellent  resistance 
to  iodine  corrosion.  More  recently  3M*  produced  an  elastomer  registered  as  Aflas® 
which  supposedly  has  the  same  corrosion  resistant  characteristics  as  Teflon  and 
therefore  would  be  a  very  good  candidate  for  use  in  an  iodine  environment.  Sim- 
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ilarly.  Dupont*  produces  a  perfluoroelasiomer  registered  as  Kalrez*  which  also  ex¬ 
hibits  excellent  inertness  to  iodine.  Pyrex*  and  porcelain  are  also  very  adequate 
mater.als  to  use  in  contact  with  iodine,  but  thev  obviouslv  cannot  be  used  as  i?as- 
kets  a.nd  are  difficult  to  use  as  coating  materials.  The  ability  of  a  material  to  resist 
corrosion  is  often  times  measured  in  length  of  penetranon  of  the  corroder  per  year 
of  exposure  at  a  given  temperature.  Given  the  time  frame  of  the  pilot  scale  iodine 
wind  tunnel  project  which  is  about  two  years,  some  mater.als  were  used  even 
though  they  only  offer  moderate  resistance,  with  the  idea  of  replacing  the  corroded 
pans  when  erosion  can  no  longer  be  tolerated.  During  some  preliminary  testing  of 
current  materials  used  in  laboratories,  it  was  found  that  copper,  aluminum.  SS  304 
are  not  suitable  for  use  in  an  iodine  environment  while  Hastelloy,  Monel,  SS  316, 
Pyrex  and  Tefion  are  more  suited  to  resist  iodine  corrosion. 


.tiloy 
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Mg 

Si 

P 

S 

a 

Ni 

Mo 

Cu 

Fe 

Mn 

SS 
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■ 

■ 
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■ 
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17 

53 

19 

■ 

6 

■ 

Hasi- 

elloy 

■ 

■ 

■ 

67 

30 

IJ 

1 

Table  4:  Alloys  used  in  the  injector  assembly  and  their  compositions. 


Since  the  stagnation  chamber  and  boiler  assembly  are  the  parts  of  the 
flow  system  in  contact  with  iodine  at  high  temperature,  the  choice  of  metals  used 
for  the  design  of  the  iodine  injecting  assembly  was  given  particular  attention.  All 
the  parts  composing  the  boiler,  transfer  ducts  and  stagnation  chamber,  were  made 
of  Hastelloy  which  is  by  far  the  best  choice  for  resisting  iodine  corrosion.  Unfor¬ 
tunately,  the  bail  valves  VI  and  V2  could  not  be  obtained  in  Hastelloy,  and  there¬ 
fore  were  made  of  SS  316.  Other  coating  processes  may  be  used  in  order  to  resist 


iodine  corrosion,  these  include  hard  anodizing  alumincn.  Teflon  coating  and  Has- 
telloy  plasma  coating. 

0 

4.7  Safety  considerations 

When  inhaled,  iodine  may  cause  eye,  nose,  throat  and  respiratory  tract  irritation. 
If  exposure  is  repeated,  bronchitis,  skin  rashes,  loss  of  appetite  and  sleep  may  re¬ 
sult.  Discontinuation  of  exposure  is  necessary  to  recover  from  ill  effects.  The  max¬ 
imum  accepted  concentration  is  0.1  ppm,  which  corresponds  to  1  mg/m^  at 
standard  atmospheric  conditions.  Reponed  lethal  doses  lie  between  a  few  tenths 
of  a  gram  to  more  than  20  grams.”  For  the  work  described  in  this  paper,  the  quan¬ 
tities  of  iodine  used  are  of  the  order  of  kilograms  at  pressures  of  approximately 
100  Torr,  it  is  therefore  absolutely  necessary  that  leaks  will  only  be  into  the  facil¬ 
ity  and  that  satisfactory  fail-safe  features  are  designed  in  place. 

4.8  Free  jet  expansion  of  high  temperature  iodine 

For  the  purposes  of  this  study,  a  free  jet  expansion  impinging  on  a  disk  was  used. 
Free  jets  have  the  advantage  of  being  relatively  simple  and  have  been  smdied  in 
detail  in  the  past.”  In  addition,  a  free  jet  is  ideal  for  the  present  work  if  freezing 
of  the  molecules’  internal  energy  is  to  be  observed.  A  disk  was  place  in  the  free 
jet  flowfleld  to  generate  a  normal  shock  and  consequently  create  a  high  tempera¬ 
ture  region  downstream  of  the  shock  where  nonequilibrium  effects  may  be  ob¬ 
served. 


4.8.1  Properties  of  free  jet  expansions 

Free  jets  have  been  used  extensively  in  the  past  to  obtain  high  speed  flows  in  the 
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study  of  molecular  beam,  formation  of  clusters,  nonequilibrium  phenomena,  inter¬ 
nal  energy  relaxation,  isotope  separation,  etc...  For  the  purpose  of  this  study,  we 
use  a  free  jet  expansion  for  the  generation  a  high  speed  flow  of  pure  iodine  mole¬ 
cules  whose  internal  energy  modes  are  thermally  excited  from  stagnation  condi¬ 
tions.  .A  diverging  nozzle  flow  may  be  used  in  future  work,  but  for  simplicity,  this 
work  will  only  deal  with  a  free  jet  expansion.  Diagnostics  will  be  performed  non- 
intrusively  in  the  plume  of  the  expansion  to  probe  the  internal  energy  states  of  the 
molecules  composing  the  flow.  For  this  to  be  possible,  a  preliminary  knowledge 
of  the  plume  characteristics  is  necessary.  For  example,  the  number  density  at  dif¬ 
ferent  positions  within  the  plume  determines  whether  collisional  quenching  ef¬ 
fects  are  significant,  how  much  light  scattering  may  be  expected  and  what 
broadening  mechanisms  are  dominant.  Other  phenomena  have  to  be  considered  in 
the  design  of  the  experiment,  for  instance,  the  formation  of  clusters  could  signif¬ 
icantly  affect  the  light  scattering  intensity  since  the  laner  is  proportional  to  the  6'-^ 
power  of  the  panicle  size  (as  long  as  the  particle  dimension  is  smaller  than  5%  of 
the  incident  wavelength).**  The  freezing  and  decoupling  of  translational,  rotation¬ 
al  and  vibrational  temperatures  is  also  of  concern  here  because  it  is  a  direct  result 
of  nonequilibrium  phenomena  within  the  plume. 

A  comprehensive  study  conducted  by  Ashkenas  et  al.*^  gives  a  rather 
concise  and  practical  guide  to  determine  properties  of  inviscid  to  slightly  viscous 
flow  in  the  central  core  of  a  supersonic  free  jet.  Figure  22  shows  the  nomenclature 
which  we  shall  adopt  to  define  various  quantities  related  to  a  sonic  orifice  flow- 
field.  The  Mach  number  increase  along  the  free  jet  centerline  may  be  described  by 


where  z,yD  =  0.85  and  A  =  3.96  are  constants  determined  by  comparison  to  the  so¬ 
lution  of  characteristics. 


LASER  SHEE' 


Figure  22:  Free  jet  expansion  nomenclature  and  laser  sheet  configuration. 

In  Equation  (55),  D  is  the  orifice  diameter  and  y  equals  9/7.  This  particular  value 
of  the  specific  heat  ratio  is  used  because  the  iodine  molecules  are  assumed  to  be 
vibrationally  and  rotationally  excited  due  to  the  relatively  elevated  stagnation 
temperature.  The  pressure,  number  density  and  temperature  within  the  plume  of 
the  free  jet  may  be  estimated  by  assuming  that  the  expansion  is  isentropic  and  us¬ 
ing  the  usual  isentropic  flow  relation  between  Mach  number,  stagnation  and  static 
conditions.  Figure  23  shows  the  Mach  number,  normalized  number  density,  pres¬ 
sure  and  translational  temperature  along  the  plume  centerline  for  specific  heat  ra¬ 
tios  of  7/5  and  9/7.  The  Mach  number  curve  was  obtained  from  Equation  (55) 
while  the  temperature,  density  and  pressure  curves  were  derived  from  the  isen- 


tropic  flow  relations.  So  far,  we  have  taken  y  =  9/7  because  the  vibrational  and  ro¬ 
tational  degrees  of  freedom  are  assumed  activated  due  to  the  elevated  stagnation 
temperature.  However,  as  may  be  seen  from  Figure  23,  the  static  temperature 
drops  very  fast  downstream  of  the  orifice.  It  is  therefore  reasonable  to  assume  that 
the  specific  heat  ratio  varies  within  the  expansion.  The  difference  between  the  two 
specific  heat  ratio  cases  is  not  negligible,  for  example,  at  an  xlD  =  100  the  Mach 
number  is  about  14  for  y  =  9/7  while  it  is  50%  higher  for  y  =  7/5. 


,  g  =  9/7 


Figure  23:  Mach  number,  normalized  number  density,  temperature  and  pressure  on  centerline 
of  free  jet  expansion  for  y  =  9/7  and  y  *  7/5. 

The  above  prediction  of  free  jet  expansion  properties  assumes  that  the 
flow  is  inviscid  or  slightly  viscous.  If  the  stagnation  conditions  are  such  that  the 
boundary  layer  thickness  at  the  orifice  wall  is  of  the  same  order  of  magnitude  as 
the  orifice  diameter,  the  flow  at  the  orifice  and  further  on  downstream  will  be  af- 
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fected  by  viscous  effects.  The  boundary  layer  growth  on  the  orifice  wail  may  pro¬ 
duce  a  change  in  effective  orifice  size  ana  result  in  a  distonion  of  the  flow  panem 
near  the  orifice.  In  this  case,  the  mass  flow  rare  may  oe  reduced  and  the  scale  of 
the  flow  downstream  may  shrink.  These  effects  will  occur  if  the  Reynolds  number 
at  the  orifice  is  lower  than  a  few  hundred.**’  The  viscosity  of  iodine  has  only  been 
measured  for  a  limited  range  of  temperatures. ■**  Recently,  Kang  and  Kune  pub¬ 
lished  calculated  viscosities  for  iodine  taking  dissociation  effects  into  account.'^ 
From  their  prediction  a  viscosity  of  about  46  10'*  N  sec  m*^  at  1000  K  is  obtained. 
Figure  24  shows  the  previously  mentioned  experimental  viscosity  data  along  with 
Kang  and  Kune’s  prediction  and  a  second  prediction  scheme,  Wilke’s  mixing  rule, 
which  combines  both  molecular  and  atomic  viscosities. 


Dissociating  1^  Viscosity 


Temperature  (K) 

Figure  24:  Viscosity  of  iodine  vs.  Temperature. 

A  Reynolds  number  based  on  the  orifice  diameter  was  found  to  be  about  4000 
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which  would  justify  an  inviscid  analysis  of  the  flow.  It  must  be  noted,  however, 
that  if  a  diverging  nozzle  is  used  instead  of  a  sonic  onfice,  viscous  effects  will 
have  to  be  taken  into  account  in  the  prediction  of  flowneld  propemes.  This  is  be¬ 
cause  as  the  gas  expands  in  the  nozzle,  the  number  density  decreases  quite  quickly 
and  so  does  the  Reynolds  number. 

4.8.2  Nonequilibrium  effects 

The  stagnation  conditions  of  interest  in  this  work  arc  such  that  many  internal  en¬ 
ergy  modes  of  the  iodine  molecule  are  excited  and  that  the  unexpanded  gas  may 
paniaily  be  dissociated.  When  the  gas  expands  in  a  free  jet,  the  thermal  energy  of 
random  molecular  motion  stored  in  the  stagnation  chamber,  is  convened  into  di¬ 
rected  kinetic  energy.  As  a  result,  the  number  density  and  hence,  the  number  of 
collisions  decreases  dramatically  during  the  expansion.  Internal  energy  adjust¬ 
ments  that  are  necessary  for  the  molecules  to  reach  equilibrium  have  to  be  made 
by  means  of  collisions.  However,  if  the  time  between  collision  is  of  the  same  order 
of  magnitude  as  the  dme  for  a  typical  molecule  to  travel  a  characteristic  distance 
of  the  flow,  nonequilibrium  effects  are  to  be  expected.  Let  us  define  as  the  time 
between  collision  for  a  typical  binary  encounter,  and  Xf  as  the  time  required  for  a 
molecule  to  travel  a  characteristic  distance  of  the  flowfield.  If  the  flow  conditions 
are  such  that  is  of  the  same  order  as  Xj^  the  flow  will  depan  from  equilibrium 
which  may  modify  the  flow  pattern  and  complicate  its  analysis.  If  x.«  Xf,  mole¬ 
cules  undergo  a  large  number  of  collisions  during  the  time  they  spend  in  the  field 
of  interest,  in  this  case  the  flow  may  be  considered  in  local  thermal  equilibrium. 
On  the  other  hand  if  x^ »  x^,  internal  adjustment  of  the  molecules  does  not  happen 
because  very  few  collisions  occur  while  the  molecule  transits  through  the  field  of 
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observation.  In  the  latter  case,  the  flow  is  considered  rrozen.  Typically,  dissocia¬ 
tion  freezes  first  in  the  expansion,  then  molecular  vibration,  rotauon  and  finally 
translation  freezes  in  this  order  funher  downstream.  This  particular  freezing  order 
may  be  explained  as  follows.  Dissociation  is  usually  first  to  freeze  because  a  dis¬ 
sociated  molecule  requires  the  occurrence  of  a  three  body  collision  in  order  to  re¬ 
combine.  While  wUnslational  energy  requires  about  one  collision  to  be  transferred 
from  one  molecule  to  another,  rotational  and  vibrational  energy  require  an  increas¬ 
ing  number  of  collisions.  Therefore,  while  vibrational  modes  may  be  frozen,  rota¬ 
tional  and  translational  energy  exchanges  may  still  be  occurring  at  the  same  plume 
location.  By  the  same  token,  rotational  states  may  be  locked  while  translational 
energy  adjustments  may  still  be  occurring. 

Chemical  nonequilibrium  and  freezing  effects  in  expansion  flows  have 
been  the  object  of  several  analytical  studies.  Several  models  have  been  developed 
to  describe  the  freezing  of  dissociation  and  internal  energy  in  supersonic  flows. 
Bray^^  proposed  the  sudden-freezing  (S-F)  model  whereby  the  nonequilibrium 
flow  is  represented  by  an  upstream  equilibrium  branch  and  a  downstream  frozen 
branch,  joined  together  at  a  “freezing  point”.  Bray  defined  a  “freezing  criterion” 
as  the  point  where  convective  rates  and  reaction  rates  become  equal.  Good  agree¬ 
ment  between  results  using  the  S-F  model  and  exact  numerical  solutions  for  con¬ 
ical  and  hyperbolic  nozzles,  have  been  reported.”  During  his  smdy  of  weakly 
ionized  gas  flows,  Smith^*  found  that  a  modification  of  the  S-F  model  was  neces¬ 
sary.  He  suggested  that  the  downstream  frozen  branch  of  the  S-F  model  be  re¬ 
placed  by  a  branch  governed  by  the  recombination  rate.  This  model  is  referred  to 
as  the  equilibrium-recombination  (E-R)  model,  Blythe^*  conducted  a  study  consid¬ 
ering  chemical  well  as  vibrational  nonequilibrium  in  a  nozzle  flow  for  an  ideal 
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dissociating  gas;  he  repons  that  both  S-F  and  E-R  models  are  found  to  be  inade¬ 
quate  for  the  descnption  of  vibrational  nonequilibrium  in  nozzle  flows.  In  Blythe's 
anaivsis,  the  ratio  7/9,  is  assumed  much  smaller  than  unitv,  where  7  is  a  reference 
translational  remperarure  and  9_^  is  the  characteristic  dissociation  temperature  of 
the  gas  as  denned  in  Table  2.  Another  assumption  in  Blythe’s  work  is  that  the  de¬ 
gree  of  dissociation  is  small  and  consequently  the  rate  equation  is  decoupled  from 
other  conservation  equations.  It  is  because  of  this  assumption  that  Blythe’s  model 
disagrees  with  both  the  S-F  and  E-R  models  except  for  the  prediction  of  the  degree 
of  dissociation  far  downstream  of  the  nozzle.  Cheng  and  Lee”-^*  adopted  the  same 
approach  as  Blythe,  but  their  model  includes  coupling  of  the  chemical  reactions 
with  the  thermodynamics  of  the  flow.  Their  assumption  of  strong  coupling  relies 
of  the  fact  that  for  small  ratios  7/9^,  the  Arrhenius  factor  defined  as  con¬ 

trols  the  dissociation  rate  and  is  very  sensitive  to  even  minor  changes  in  tempera¬ 
ture.  Cheng  determines  two  regimes  which  may  be  of  interest  for  the  work 
described  here:  the  weak  interaction  regime  whereby  (9,^a)  /T  <lO  (7/9J  ,  where 
a  is  the  degree  of  dissociation.  In  this  regime,  the  thermodynamics  of  the  flow  are 
only  slightly  affected  by  chemical  reactions,  however  the  coupling  still  has  to  be 
taken  into  account  owing  to  the  sensitivity  of  the  Arrhenius  factor  to  small  tem¬ 
perature  penurbations.  In  the  second  regime  we  have  me  following  condition: 
(fl^a) /rs  0  (1)  which  results  in  a  strong  coupling  between  the  conservation 
equations  and  the  rate  equation. 

4.8J  Effects  of  clusters 

When  a  laser  beam  interacts  with  the  iodine  molecules,  in  addition  to  fluorescence, 
part  of  the  scattered  light  occurs  at  the  laser  frequency.  This  component  of  scat- 
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tered  light  is  called  Rayleigh  scattering,  it  is  proporaonal  to  the  sixth  power  ot  the 
scattenng  panicle  size.^‘  Therefore  Rayleigh  scattering  signals  are  very  sensitive 
to  the  presence  of  clusters  in  the  flow  field.  For  example,  using  the  simplistic  view 
that  a  dimer  is  twice  as  large  as  a  monomer,  only  dimer  in  the  flow  will  es¬ 
sentially  double  the  scattering  signal.  In  addition,  it  is  not  known  what  the  fluo¬ 
rescent  response  of  a  polymer  might  look  like.  Direct  Rayleigh  scattering  is 
filtered  by  detecting  fluorescence  usually  two  vibrational  quanta  (AV'”  =2=1“ 
ovenone)  on  the  Stokes  (longer  wavelength)  side  of  the  laser  wavelength.  This 
however  does  not  mean  that  the  fluorescence  from  potential  clusters  is  filtered.  It 
is,  therefore  imponant  to  know  whether  clusters  are  likely  to  form  within  the 
plume  for  the  regimes  applied  in  this  work. 

To  our  knowledge,  no  work  has  been  done  either  on  the  formation  of 
clusters  in  iodine  expansions  or  fluorescence  from  iodine  clusters.  However,  sev¬ 
eral  investigations  have  been  reponed  on  the  formation  of  clusters  in  sonic  orifice 
expansion  flows  for  gases  different  than  iodine.^’"^*  Hagenaand  Obert“  studied  the 
effect  of  pressure,  temperature,  nozzle  size  and  test  gas  on  the  size  and  points  of 
formation  (onset  points)  of  clusters  made  of  Ne,  Ar,  Kr,  Xe,  iVj,  CO2  molecules. 
Their  study  reveals  a  good  agreement  between  their  prediction  and  mass  spectro- 
metric  measurements.  More  importantly,  they  develop  scaling  laws  based  on  in- 
termolecular  potential  parameters  resulting  in  a  non-dimensionalization  of 
stagnation  pressure,  temperature  and  orifice  size,  subsequently,  allowing  extrapo¬ 
lation  of  the  validated  theories  to  unchaned  gases.  Figure  25  represents  the  pres¬ 
sure-temperature  phase  diagram  for  the  condensation  of  iodine  in  a  free  jet 
expansion  corresponding  to  a  stagnation  pressure  P^-l  Atm  and  a  stagnation  tem¬ 
perature  To  =  1000  K.  In  the  free  jet  plume,  the  gas  will  expand  isentropically  fol- 
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lowing  the  isentrope  passing  through  and  until  it  meets  the  vapor  pressure 
line.’*  The  isentrope  is  defined  by  the  relation 


Note  that  Figure  25  shows  two  isentropes  for  y  =  7/5  and  9/7,  this  is  because  al¬ 
though  it  is  quite  cenain  that  internal  energy  modes  arc  excited  near  ±e  orifice,  it 
is  not  known  how  fast  the  internal  energy  of  the  molecules  will  relax  or  freeze, 
thus  preventing  specification  the  specific  heat  ratio.  Nonetheless,  representation  of 
both  isentropes  allows  us  to  estimate  where  the  intersecdon  with  the  vapor  pres¬ 
sure  curve  occurs.  When  the  gas  continues  to  expands  after  the  crossing  point,  it 
follows  the  “dry”  isentrope  into  the  supersaturated  region  until  the  onset  point 
where  the  formation  of  clusters  leads  to  the  collapse  of  the  supersaturated  state. 
At  this  point,  the  expansion  returns  to  the  equilibrium  vapor  pressure  line.  Figure 
25  shows  that  the  isentrope -vapor  pressure  crossing  occurs  at  about  350  K  which 
corresponds  to  approximately  2  to  2.5  nozzle  diameters  downstream  of  the  orifice, 
however,  clusters  will  typically  stan  forming  at  a  distance  an  order  of  magnitude 
greater.*  So,  one  would  expect  the  onset  point  to  be  at  about  30  orifice  diameters 
downstream  of  the  exit  plane.  This  location  is  well  beyond  the  range  being  probed 
in  this  work  and  consequently,  the  presence  of  clusters  in  the  flowfieids  diagnosed 
here  is  highly  improbable. 

In  the  context  of  future  work  where  clusters  might  be  present,  the  for¬ 
mation  of  polymers  may  be  delayed  or  sometime  avoided  by  decreasing  the  stag¬ 
nation  pressure  to  decrease  the  number  density  in  the  plume  hence  reducing  the 
number  of  collisions  or  increase  the  stagnation  temperamre  so  that  the  energy  in¬ 
volved  in  a  binary  encounter  is  large  enough  to  prevent  the  colliders  from  “stick- 
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Chapter  5 


EXPERIMENT 


5.1  Introduction 

The  experiment  described  in  this  chapter  has  two  main  purposes:  1)  Develop  a  pi¬ 
lot  scale  hypersonic  facility  operating  on  iodine  vapor  in  order  to  generate  flows 
where  nonequilibrium  effects  can  be  observed.  This  part  of  the  experiment  has 
been  described  in  Chapter  4,  it  establishes  optimal  operating  procedures  and  pro¬ 
vides  the  foundation  for  the  design  of  larger  scale  wind  tunnel.  For  the  purposes 
of  the  work  described  here  a  free  jet  impinging  on  a  disk  was  studied.  2)  Develop 
a  diagnostic  technique  to  probe  the  rotational  and  vibrational  population  distribu¬ 
tions  and  possibly  measure  the  degree  of  dissociation  within  the  flows  generated 
in  both  the  pilot  scale  and  full  scale  facilities.  The  following  sections  describe  the 
experiment  designed  to  measure  both  vibrational  and  rotational  population  distri¬ 
butions  within  the  flows  generated  in  the  pilot  scale  wind  tunnel.  Results  are  pre¬ 
sented  and  discussed. 

5.2  Experimental  seC-up 

A  top  view  of  the  experiment  used  in  this  work  is  shown  in  Figure  26.  It  is  config¬ 
ured  like  a  standard  light  scattering  experiment.  The  incident  laser  beam  is  pro¬ 
vided  by  an  excimer  laser  (Lambda  Physik  EMG  201  MSC)  emitting  radiation  at 
3080  A  and  delivering  approximately  500  mJ  per  pulse.  The  excimer  laser  pumps 
a  tunable  dye  laser  (Lambda  Physik  FL  3002E)  equipped  with  a  synchronized  air 
spaced  intracavity  etalon  reducing  the  laser  linewidth  from  0.2  cm-*  to  0.05  cm  *. 
A  portion  of  the  dye  laser  beam  is  diverted  through  a  1/8  m  monochromator  whose 
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output  is  fed  into  a  PMT  for  monitoring  the  pulse  to  puise  laser  energy. 


LMrCfwvOutaut 

Figure  26:  TUF  scaoehng  expeiimenL 

The  main  pan  of  the  dye  laser  beam  is  fanned  and  trimmed  into  a  sheet  1.5  mm 
thick  before  it  enters  the  test  section  where  it  illuminates  the  entire  flowfield  be¬ 
tween  the  blunt  body  and  the  orifice  exit.  This  is  illustrated  in  Figure  27.  The  flu¬ 
orescent  signal  is  collected  with  two  60  cm  focal  length/ 1 :6  lenses.  The  collection 
lens  is  placed  60  cm  away  from  the  plume  centerline  and  the  focusing  lens  can  be 
translated  vertically  in  order  to  probe  various  plume  axial  positions.  The  travers¬ 
ing  mechanism  is  however  not  represented  in  Figure  26.  The  focusing  lens  is 
placed  on  the  collection  optics  axis  so  that  the  probed  volume  is  imaged  with  a 
magnification  of  1.  The  image  of  the  probed  volume  is  focused  onto  the  entrance 
of  a  0.85  m  double  spectrometer  (SPEX  1401)  used  to  reject  photons  at  the  laser 
frequency  as  well  as  the  fluorescent  ovenones  other  that  the  first  (AV”  =  2).  A 
small  1.5  mm  diameter  orifice  is  placed  at  the  focusing  lens  focal  point  at  entrance 
of  the  spectrometer.  This  determines  the  diameter  of  the  probed  volume  which  is 
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assumed  to  be  a  small  cylinder  1.5  mm  diameter  1.5  mm  long. 


free  jet  orifice 


\  Y 


Figure  27:  Schematic  of  hee  jet  assembly,  blunt  body  and  laser  sheet. 

The  fluorescent  signal  occurring  at  the  ovenonc  of  interest  is  detected  with  a  ther- 
mocooled  photomultiplier  tube  (RCA  C3 1034A02).  Data  acquisition  and  averag¬ 
ing  is  done  with  a  boxcar  integrator  (Stanford  Research  System  SR250)  and 
recording  achieved  by  computer  (Macintosh  IIx)  operating  with  the  software 
package  Labview  II*.  A/D  conversion  is  achieved  with  National  Instrument  card 
NB-MIO-16H-9  sampling  at  a  maximum  rate  0.1  Mhz.  Both  fluorescent  signal  and 
pulse  to  pulse  laser  energy  are  recorded  and  averaged  through  2  independent  box¬ 
car  channels  using  the  same  gate  width  of  100  nsec.  Timing  is  performed  by  a  dig¬ 
ital  delay  generator  (Stanford  Research  DG535).  The  data  presented  here  is  taken 
with  a  laser  repetition  rate  of  30  Hz  and  the  fluorescent  pulses  are  averaged  over 
30  samples. 
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5.3  Experimental  Tasks 
5.3.1  Test  flows 


In  this  study,  measurements  were  taken  on  four  different  sets  of  flow  conditions 
summarized  in  Table  5.  Also  indicated  in  this  table  is  the  degree  of  dissociation 
expected  in  the  stagnation  chamber  for  the  corresponding  flow  conditions. 


Case  I 

Case  2 

Case  3 

Case  4 

Orifice  diameter  (mm) 

2 

2 

— 

2 

2 

Blunt  body  position  (mm) 

26 

26 

26 

26 

Boiler  temperature  (K) 

328 

389 

328 

389 

Stagnation  temperature  (K) 

773 

773 

1000 

1000 

Stagnation  Pressure  (Torr) 

30 

100 

30 

100 

Degree  of  dissociation  in  stag¬ 
nation  chamber  (%) 

<  1 

<1 

14.1 

7.7 

Table  5:  Flow  conditions  used  in  this  study. 


5.32  Spectral  regions  probed  and  data  analysis  procedure 

Three  parts  of  *He  visible  spectrum  were  probed,  they  are  listed  in  Table  7  through 
Table  9  in  Appendix  B,  where  the  transitions  have  been  arranged  in  order  of  in¬ 
creasing  wavelengths.  The  rate  and  absorption  coefficients  are  defined  in  Figure 
4,  and  were  determined  according  to  the  analysis  of  Section  3.2.  The  transitions’ 
wavenumber  are  taken  from  Gerstenkom’s  identification  of  absorption  intensities 
observed  by  Fourier  transform  spectroscopy.^  The  transitions  were  selected  on  the 
basis  of  the  strength  of  their  intensity  and  in  order  to  avoid  complications  arising 
from  overlapping  lines,  only  the  transitions  which  are  sufficiently  isolated  (i.e.  at 
least  0.05  cm*'  apan)  are  considered.  Although  the  analysis  of  Section  3.3  allows 
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identincation  of  a  wide  range  of  arbitrary  transitions,  we  narrow  the  range  of  tran¬ 
sitions  used  in  this  work  to  transitions  already  identified  by  Gerstenkom.^ 

In  order  to  measure  rotational  distributions,  one  would  ideally  want  to 
probe  transitions  with  the  same  lower  and  upper  vibrational  levels  and  at  the  same 
time  cover  a  wide  range  of  rotational  quantum  numbers.  In  such  case  the  measured 
intensities  are  a  direct  measurement  of  rotational  population  distributions.  This, 
however  is  difficult  to  achieve  because  systematic  probing  of  a  wide  range  of  ro¬ 
tational  levels  keeping  the  vibrational  transitions  the  same  requires  wide  and  high 
resolutions  scans  while,  in  practice,  high  resolution  scans  may  only  be  performed 
over  a  total  range  of  the  order  of  1  A.  The  small  scan  limitation  is  due  to  the  slow 
laser  scanning  speed  required  to  produce  spectra  with  enough  resolution,  com¬ 
bined  with  the  constraints  of  the  facility’s  run  time.  It  is  also  due  to  the  detuning 
of  the  intracavity  etalon  which  occurs  over  the  span  of  relatively  long  scans  (larger 
than  3A).  In  order  to  avoid  the  requirement  of  long  range  scans,  one  may  release 
the  constraint  that  the  upper  vibrational  level  remain  the  same  for  ail  observed 
transitions.  In  such  a  case,  for  rotational  distributions  to  be  determined,  one  has  to 
a  priory  know  the  transition  probability  for  both  excitation  (^,2)  and  radiative  (>123) 
phases.  A  method  for  determining  these  coefficients  is  developed  in  Section  3.2 
and  specific  transition  probabilities  for  the  transitions  used  in  this  study  are  tabu¬ 
lated  in  Appendix  B.  Once  the  intensity  of  a  transition  /^(v)  is  recorded,  it  is  nor¬ 
malized  by  laser  power  and  corrected  according  to  Equation  (3 1 )  in  order  to  obtain 
a  measurement  of  the  population  iV,(V",  /").  Since  the  lower  vibrational  level  V” 
remains  the  same  (usually  V"  =  0),  iV,(V",  /”)  =  IV, (V”)  •  =  Constant  ■ 

NiU”)  and  the  relative  population  in  level  /”  is  finally  computed  using  the  correc¬ 
tion: 
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(57) 


NAD  - 


B,2A:aSP{D  ■ 

The  relative  popularions  in  a  number  of  rotational  levels  are  plotted  on  a  Boltz¬ 
mann  plot  where  Ln(Ni(y’’ )/(!/" +1))  is  plotted  versus /"(y"-*-!).  In  this  work,  it  is 
found  that  plotted  in  such  manner,  the  data  can  easily  be  linearly  fitted.  This  indi¬ 
cates  that  the  rotational  energy  is  in  equilibrium  and  that  a  rotational  temperature 
T^,  can  be  determined  based  on  the  slope  of  the  best  linear  fit  and  the  characteristic 
rotational  temperature  0,. 


Relative  vibrational  distributions  are  obtained  in  a  similar  fashion  as 
the  rotational  distributions.  In  this  case  however,  the  transitions  probed  are  not 
limited  to  those  having  the  same  lower  initial  vibrational  state.  To  determine  the 
vibrational  population  distribution  at  a  given  position  in  the  flow,  the  rotational 
population  Ni(J" )  has  to  a  priory  be  determined  at  that  same  position.  This  is  done 
using  Equation  (27)  and  the  rotational  temperature  T„,  determined  as  described  in 
the  preceding  paragraph.  The  relative  vibrational  population  may  then  be  deter¬ 
mined  by  correcting  the  transition  intensity  with: 


NAV") 


B,2A2iSP{DNAD 


(58) 


An  example  of  a  Boltzmann  plot  is  shown  in  Figure  28.  The  flow  conditions  for 
this  particular  plot  arc  a  stagnation  pressure  and  temperature  of  100  Torr,  and  773 
K  respectively.  Probing  was  performed  at  an  axial  position  of  zid  of  2.5.  The  slope 
obtained  by  linearly  best  fitting  the  data  points  is  2.3  10^  resulting  in  a  rotational 
temperamre  of  234  K  assuming  a  characteristic  rotational  temperature  hcBIk  = 


0.05375  K, 
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Typical  Boltzmann  Plot 


(fl 


Figure  28;  Typical  BoltTinaim  plot. 

Certain  spectral  intervals  are  more  suited  to  the  determination  of  rota¬ 
tional  populations,  others,  more  appropriate  to  measure  vibrational  distributions. 
For  example,  referring  to  Appendix  B,  transitions  in  the  6120  A  range  allow  pop¬ 
ulation  measurements  of  the  vibrational  levels  V"=  1  to  4.  On  a  the  other  hand, 
transitions  in  the  5683  A  range  enable  probing  of  rotational  levels  J”  between  40 
and  1:50  all  belonging  to  the  same  lower  vibrational  level  V"  =  0.  Transitions  in 
the  neighborhood  of  5208  A  are  used  to  both  verify  the  rotational  populations 
measured  with  transitions  in  the  5683  A  range  and  determine  the  relative  vibra¬ 
tional  populations  of  V”  =  0  and  1  in  order  to  complete  the  set  of  measurements 
performed  in  the  6120  A  range.  Table  6  gives  a  summary  of  the  vibrational  and 
rotational  quantum  levels  used  in  this  work  and  the  spectral  regions  in  which  they 


can  be  accessed. 


Probed  regions 

5208  A 

56S3  A 

6120  A 

r  probed  belonging  to  V"  =  0 

55.  74 

38,  39.42. 

43.  101.  129. 
154 

None 

V"'  probed 

0.1 

0.1.3 

1,2.3. 4 

Table  6:  Spectral  regions  and  quantum  levels  probed. 


5.33  Laser  pulse  shape  determination 

As  mentioned  in  Section  3.2  the  laser  pulse  temporal  shape  E^it)  has  to  be  known 
in  order  to  compute  the  time  response  of  the  upper  level  population  N2it). 


Laser  pulse  shape 


Gate  delay  In  psec 

Figure  29:  Measured  and  best  fitted  laser  pulse  shape. 

The  pulse  shape  was  determined  experimentally  by  measuring  the  light  intensity 
scattered  at  the  laser  frequency  as  the  boxcar  gate  delay  is  scanned  across  the  laser 


pulse.  The  gate  width  was  tuned  to  about  1  nsec  so  that  the  pulse  shape  could  be 
determined  with  enough  resolution.  The  resulting  laser  pulse  shape  is  shown  in 
Figure  29  along  with  a  Gaussian  best  fit  indicating  that  the  pulse’s  FWHM  is  about 
20  nsec. 

5.3.4  Linear  dependence  of  fluorescent  signal 

As  mentioned  in  Section  3.2  dissociation  and  predissociation  reactions  occurring 
during  the  pulsed  pumping  process  make  it  virtually  impossible  to  saturate  a  tran¬ 
sition.  Because  of  this,  it  is  imponant  that  the  laser  power  be  tuned  so  that  the  flu¬ 
orescence  signal  varies  linearly  with  laser  intensity.  Figure  30  shows  the  variation 
of  fluorescent  signal  as  the  laser  beam  intensity  is  progressively  attenuated. 
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Figure  30:  Fluorescence  signal  dependence  on  laser  power. 


The  measurement  is  performed  in  the  free  jet  expansion  for  three  different  transi- 
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tions:  (17,0)  P38  at  5683  A  and  (39, 0)  R55  at  5208  A.  These  transitions  were  cho¬ 
sen  because  they  have  a  relatively  strong  absorption  coefficient;  clearly  if  a 
strongly  absorbing  transition  produces  a  signal  that  vanes  linearly  with  laser  pow¬ 
er,  so  do  weaker  transitions. 

53  J  Laser  linewidth  monitoring 

As  mentioned  in  Section  3.4.5  the  laser  linewidth  is  estimated  by  measuring  the 
intensity  variation  through  a  0.25  mm  dia.  pin  hole  placed  at  the  center  of  the  in¬ 
terference  pattern  generated  with  an  air  spaced  Fabry-Perot  etalon  as  the  laser  is 
slowly  scanned.  The  Fabry-Perot  etalon  has  a  FSR  of  1/6  cm'‘  and  a  finesse  of 
about  150  for  a  nominal  reflectivity  of  98%.  Figure  14  indicates  that  the  laser  lin¬ 
ewidth  is  about  0.05  cm  *  which  corresponds  to  its  advenised  performance.  It  is 
found  however,  that  the  laser  linewidth  is  very  sensitive  to  ambient  temperature 
and  can  easily  detune  itself  over  time  periods  of  the  order  of  tens  of  minutes.  Con¬ 
sequently,  the  interference  pattern  is  frequently  checked  for  best  contrast  and  the 
intracavity  etalon  retuned  when  necessary. 

5.4  Experimental  results 

5.4.1  Rotational  population  distributions 

Rotational  population  distributions  are  represented  on  Boltzmann  plots  in  Figure 
31  a)-h)  for  several  positions  along  the  center  axis  of  the  free  jet  expansion.  The 
flow  conditions  are  those  corresponding  to  Case  4  of  Table  5  and  the  transitions 
used  are  those  tabulated  in  Table  8  of  Appendix  B.  As  indicated  in  Table  6,  the 
spectral  region  best  suited  to  the  determination  of  rotational  population  is  the  5683 
A  range. 
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The  plots  indicate  that  at  least  within  the  resolution  of  the  measunng  technique, 
the  .otational  energy  distributions  at  each  axial  positions  are  in  equilibrium.  Con¬ 
sequently,  a  rotanonal  temperature  may  be  computed  for  each  axial  position 
probed.  These  are  shown  in  Figure  32  for  a  stagnation  temperature  of  773  K  and 
stagnation  pressures  of  30  Torr  and  100  Torr  (Cases  1  i  2  of  Table  5). 

Rotational  temperature  on  free  jet  centerline 


0  5  1  0  1  5  20  25  30 

z  (mm) 

Hgure  32:  Rotational  temperatme  along  free  jet  centerline  for  Tq  =  773  K,  i’o  a  30  Toir  and  100  Toir. 

Figure  33  shows  similar  rotational  temperature  plots  for  the  same  couple  of  stag¬ 
nation  pressures  but  for  a  stagnation  temperature  of  1(X)0  K  (Cases  3  &  4  of  Table 
5).  Also  indicated  in  the  two  latter  figures  are  the  translational  temperamres  com¬ 
puted  under  the  assumption  that  the  expansion  is  isentropic.”  Two  different  cases 
of  specific  heat  ratios  are  taken  into  consideration:  one  where  the  vibrational  de¬ 
gree  of  freedom  is  frozen  (Y=  7/5),  the  other  where  rotational  and  vibrational  de¬ 
grees  of  freedom  are  active  (y=  9/7). 
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Rotational  temperature  on  free  jet  centerline 


2  (mm) 

Figure  33;  Rotational  tfimperature  along  &ee  jet  centerline  for  To  =  1000  K,  Pq  ®  30  Torr  and  100  Torr. 


In  order  to  verify  the  general  adequacy  of  the  probing  technique  and 
the  data  analysis  procedure,  rotational  distributions  were  obtained  by  probing 
transitions  in  another  part  of  the  visible  spectrum.  These  transitions  require  laser 
pumping  at  about  5208  A  and  are  listed  in  Table  9  of  Appendix  B.  Resulting  rota¬ 
tional  temperatures  are  plotted  in  Figure  34  and  compared  to  rotational  tempera¬ 
tures  obtained  by  probing  transitions  listed  in  Table  8  of  Appendix  B  (i.e.  in  the 
vicinity  of  5683  A). 


Rotational  temperature  on  free  jet  centerline 


z  (mm) 

Figure  34:  Rotanonai  temperatures  obtained  by  probing  transitions  requiring  laser  pumping  at  56S3  A 
compared  to  rotational  temperatures  obtained  by  probing  at  S208  A. 

5.4^  Vibrational  population  distributions 

Rotational  temperatures  determined  in  the  previous  section  are  used  along  with 
Equation  (58)  to  obtain  vibrational  the  population  Ni{V")  for  several  axial  posi¬ 
tions  r  =  5,  10,  15,  20  and  24  mm.  These  are  shown  in  Figure  35  through  Figure 
38  for  flow  conditions  corresponding  from  Case  1  through  Case  4  of  Table  5.  The 
vibrational  populations  are  represented  on  Boltzmann  plots  where  Ln(Vi(V”))  is 
plotted  versus  V”  so  that  any  deviation  from  equilibrium  conditions  may  be 
shown.  As  indicated  in  Table  6  the  spectral  region  that  is  most  appropriate  for  the 
probing  of  upper  vibrational  states  is  the  6120  A  range.  The  transitions  used  for 
this  pan  of  the  study  are  tabulated  in  Table  7  of  Appendix  B.  In  Figure  35,  the  pop- 
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ulations  in  V"  =  0  and  1  are  obtained  by  probing  at  shorter  wavelengths  (5208  A, 
Ref.  Table  6  ';  and  the  transitions  used  are  listed  in  Table  9  of  Appendix  B.  This  is 
because  the  zero*  vibrational  level  cannot  be  probed  by  exciting  the  iodine  in  the 
6120  range.  So  Figure  35  shows  populations  at  V^"=  1,  2,  3  and  4  obtained  by 
probing  in  the  6120  A  range  and  populations  at  V"  =  0  and  1  determined  by  probing 
in  the  5208  .A  range.  The  two  population  intervals  are  plotted  by  best  matching  the 
population  at  V"’  =  1. 
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Figure  35:  Vibrational  population  distribution  Tq*  1000  K,Po=  100  Torr  for  z  =  a)  5,  b)  10,  c)  15. 

d)  20,  c)  24  mm. 
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Figure  37;  Vibrational  population  distribution  Tq  =  773  K,  ?o  =  100  Tore  for  z  =  a)  5.  b)  10.  c)  15, 

d)  20,  e)  24  mm. 
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Assuming  that  the  vibrational  populations  are  in  equilibrium,  a  best  lin¬ 
ear  ht  is  performed  on  the  data  of  the  four  previous  sets  of  figures.  The  slope  5  of 
the  best  fit  is  inversely  proportional  to  the  vibrational  temperature  =  T^^JS 
where  To,,*  is  the  characteristic  vibrational  temperature  hc(iijk  =  308  K.  Vibration¬ 
al  temperature  profiles  are  shown  in  Figure  39  and  Figure  40  for  a  stagnation  tem¬ 
perature  of  1000  K  and  773  K  respectively. 


Figure  39:  Vibrational  temperature  profiles  for  Tq  a  1000  K,  /*o  ®  100  and  30  Torr. 
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Figure  40;  Vibrational  lemperaiure  profiles  for  To  *  T73  K,  Pq  =  100  ^0  Torr. 


5.4  J  Error  estimates 


The  error  bars  shown  in  the  Boltzmann  plots  of  and  Figure  35  through 
Figure  38  are  estimated  by  evaluating  the  scatter  involved  in  repeating  the  same 
spectral  scan  for  the  same  flow  conditions.  The  horizontal  error  bars  indicated  on 
the  rotational  and  vibrational  temperature  profiles  are  deduced  from  the  size  of  the 
spectrometer  entrance  orifice  which  has  a  diameter  of  1.5  mm.  The  errors  in  tem¬ 
perature  are  calculated  by  estimating  the  maximum  slope  variation  of  the  linear  fit 
obtained  by  taking  population  errors  into  account.  Note  that  the  temperamre  scat¬ 
ter  shown  in  Figure  34  for  the  case  of  transitions  in  the  vicinity  of  5208  A  is  rather 
significant  because  in  this  case,  the  rotational  temperature  is  determined  with  only 
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two  n-ansitions.  The  vibranonal  temperature  error  bars  shown  in  Figure  3^  uno 
Figure  40  are  also  relatively  large;  (=  ±  90  K)  this  is  due  to  the  reiattveiy  iurge 
charactenstic  vibrational  temperature  308  K  which  produces  large  changes  in  vi¬ 
brational  temperature  for  small  changes  in  the  slope  of  the  linear  its.  Scatter  in 
vibrational  temperatures  is  also  due  to  the  relatively  small  number  of  vibrattonai 
levels  probed. 

5.5  Discussion  and  recommendarions 
5.5.1  Rotational  data 

The  rotational  temperature  measurements  obtained  by  the  LIF  technique  used  in 
this  work  axe  satisfactory  and  behave  as  expected;  a  gradual  cooling  of  the  how 
occurs  as  the  gas  expands,  subsequently,  the  tcmperamre  increases  rapidly  as  the 
flow  encounters  the  front  surface  of  the  disk  and  forms  a  shock.  The  shape  of  the 
temperature  profile  just  upstream  of  the  disk  leading  edge  indicates  that  the  shock 
is  merged.  The  rotational  temperature  downstream  of  the  shock  seems  to  be  highly 
dependent  on  the  disk  surface  temperature  because  the  measured  rotational  tem¬ 
perature  does  not  reach  stagnation  temperamre. 

The  measured  rotational  temperature  profiles  shown  in  Figure  33  {To  = 
1000  K)  agree  rather  well  with  the  isentropic  expansion  curve  for  7=  9/7.  This  in¬ 
dicates  that  both  rotational  and  vibrational  degrees  of  freedom  of  the  molecule  are 
activated.  It  may  also  be  noted  that  in  the  low  pressure  case  (Po  =  30  Torr)  the  ro¬ 
tational  temperature  freezes  at  about  180  K  starting  at  z  =  10  mm  while  the  rota¬ 
tional  temperature  corresponding  to  the  higher  pressure  case  (Pq  =  100  Torrj 
continues  to  decrease  with  increasing  axial  positions.  This  is  probably  due  to  the 
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larger  number  of  collisions  occurring  in  the  high  pressure  case  which  allows  the 
rotational  energy  to  relax  while  for  =  30  Torr.  :r.e  collision  number  is  low 
enough  to  freeze  the  rotational  energy  transfer  between  molecules. 

The  rotational  temperatures  of  Figure  32  iT,  =  773  K)  show  the  freezing 
characteristics  observed  in  Figure  33  (7*o=  1000  K)  however,  the  effect  is  less  ob¬ 
vious.  Figure  32  indicates  that  the  measmed  temperatures  are  somewhat  lower 
than  the  isentropic  expansion  prediction  for  y  =  9/7,  This  may  be  due  to  a  siig.n: 
misalignment  of  the  laser  sheet  with  the  axis  of  the  expansion.  Temperatures  ob¬ 
tained  at  positions  that  are  close  to  the  orifice  exit  plane  (e  =  3,  4  &  5  mm)  are 
indeed  lower  than  expected  and  consequently,  seem  to  support  this  hypothesis. 

5.5.2  Vibratio"aJ  data 

The  Boltzmann  plots  of  Figure  35  through  Figure  38  show  significant  scatter  in 
vibrational  population  measurements.  This  is  believed  to  be  due  to  either  low  tran¬ 
sition  strengths  that  decrease  the  signal  to  noise  ratio,  or  systematic  errors  in  data 
analysis  such  as  the  use  of  faulty  transitions  rates  to  calculate  the  correction  fac¬ 
tors  of  Equations  (57)  and  (58).  In  certain  cases  the  population  in  a  given  level 
seems  to  display  a  systematic  offset;  for  example  the  population  in  level  V"  =  3 
for  Pq  =  1000  K,  Tq  =  30  Torr  and  z  =  5, 10  and  15  mm  appears  to  be  too  large  (Ref. 
Figure  36)  This  would  imply  that  the  rate  or  the  absorption  coefficient  B.j  has 
been  underestimated.  One  must  remember  that  these  coefficients  have  been  calcu¬ 
lated  using  as  an  input,  observed  decay  rates  of  transitions  pumped  by  a  broad 
band  laser. ^  Until  individual  and  state  specific  measurements  of  lifetimes  are 
available,  it  seem  that  the  present  data  will  remain  subject  to  uncenainties  such  as 
those  observed  here. 
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Another  source  of  error  may  be  the  net  depletion  of  upper  state  popula¬ 
tion  due  to  predissociation.  This  has  been  taken  into  account  in  the  data  analysis, 
but  predissociation  rates  couid  only  be  grossly  approximated  ('Ref.  Section  3.2', 
because  most  die  available  experimental  data  are  not  state  specific^*  or  if  the  mea¬ 
surements  a-e  penormed  for  an  individual  rovibrational  state,  the  range  of  states 
studied  is  limiteu.'*’  Predissociation  rates  used  in  this  study  are  suspected  to  be  in¬ 
accurate  especially  in  cases  where  the  upper  state  is  resonant  with  a  purely  disso¬ 
ciative  state.  In  fact,  when  the  pumping  wavelength  is  resonant  with  the  crossing 
point  betu  een  the  B  state  and  a  dissociative  state,  it  is  expected  that  the  predisso- 
ciative  rates  increase  rapidly  and  correspondingly,  the  lifetime  of  the  state  drops 
signincantly.^^  Scatter  observed  in  the  measurement  of  B  state  lifetimes”  seems  to 
support  this  hypothesis.  By  contrast,  the  rates  used  in  this  study  are  a  rather 
smooth  funcdon  of  pumping  wavelength.  A  consequence  of  this  resides  in  the  fact 
that  the  vibrational  distributions  displayed  in  Figure  36  through  Figure  38  only 
show  populations  starting  at  V”  ~  1.  The  population  in  V”  =  0  is  omitted  because 
measurement  for  this  level  was  performed  in  the  5683  A  range  with  transitions  of 
the  type  (17,0).  Unfortunately,  level  V’  =  17  coincides  with  the  B  and state 
crossing  point.*”  This  produces  an  enhanced  predissociation  of  the  B  state  and  as 
a  results,  the  population  in  level  V”=  0  appear  too  low  and  arc  consequently  not 
shown.  Correct  measurements  of  the  population  in  K"  =  0  was  performed  in  the 
5208A  range  with  transitions  of  the  type  (40,0).  These  results,  shown  in  Figure  35, 
are  not  subject  to  the  enhanced  predissociation  anomaly  and  the  distribution  func¬ 
tions  appear  to  be  well  behaved. 

Of  all  the  vibrational  distributions  shown  here,  the  distributions  at  c  = 
2-r  mm  are  the  most  subject  to  errors  in  data  analysis.  This  is  because  the  compu- 


ration  of  laser  power  at  the  probed  volume  is  subject  to  attenuation,  the  calculation 
of  which  requires  knowledge  of  the  number  density  pronle  along  the  laser  beam 
path.  While  the  density  field  for  a  free  jet  expansion  is  fairly  well  known*’,  the  disc 
flowfield  is  more  complex  and  can  only  be  approximated  for  the  region  of  the  flow 
behind  the  shock  and  about  the  blunt  body.  In  order  to  estimate  the  number  density 
behind  the  shock,  the  number  density  at  ;  =  24  mm  in  the  tree  jet  was  calculated 
and  the  Rankine-Hugoniot  relation  for  normal  shocks  was  used  with  the  local 
Mach  number  to  compute  the  number  density  downstream  of  the  shock.  The  radial 
dependence  of  the  density  (i.  e.  along  the  laser  beam  path)  is  assumed  to  be  of  the 
form  (Cos)  ^  as  shown  in  Equation  (35). 

In  spite  of  the  rather  significant  scatter,  the  vibrational  temperature  pro¬ 
files  shown  in  Figure  39  and  Figure  40  indicate  that  the  vibrational  energy  does 
not  relax  as  fast  as  the  rotational  energy.  The  reason  for  this  has  been  discussed  in 
Section  4.8.2.  The  rather  large  vertical  error  bars  make  it  difficult  to  assess  wheth¬ 
er  actual  freezing  of  the  vibrational  energy  occurs.  Nonetheless,  it  is  clear  that  the 
temperature  at  which  the  vibrational  energy  ceases  to  evolve  is  higher  (350  K)  in 
the  high  stagnation  temperature  case  and  lower  (250  K)  when  Tg  =  773  K.  The  sig¬ 
nificant  uncenainty  in  determining  vibrational  temperatures  also  makes  it  difficult 
to  assess  the  effect  of  pressure  on  vibrational  relaxation. 

5JJ  Recommendation  for  future  work 

A  few  improvements  that  would  enhance  the  efficiency  with  which  data  is  ac¬ 
quired.  may  be  suggested.  In  principle,  signal  to  noise  ratios  may  be  maximized  if 
long  run  times  were  possible.  However,  given  the  constraints  of  a  facility  whose 
total  steady  state  run  time  lasts  about  30  minutes  and  since  the  pumping  of  indi- 
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vidua:  rovibrational  levels  with  a  scannable  narrow  band  laser  appears  unavoid¬ 
able.  it  seems  that  a  significant  time  gain  may  be  achieved  by  collecting 
fluorescence  from  entire  flowfield  cross  sections  at  a  time.  For  exampie  a  2-D  CCD 
array  would  allow  an  instantaneous  mapping  of  the  entire  A-Z  plane  of  Figure  27. 
By  the  same  token,  a  1-D  array  would  allow  detection  of  the  populations  along  a 
single  axis,  say  the  Z  axis.  In  these  two  scenarios,  the  spectrometer  would  have  to 
be  replaced  by  an  appropriate  filter. 

The  number  of  transitions  probed  during  a  spectral  scan  is  limited  be¬ 
cause  for  the  laser  used  in  this  smdy,  the  grating  and  intracavity  etalon  gain  curves 
have  to  be  manually  realigned  for  scans  that  are  greater  than  a  few  A.  This  proce¬ 
dure  takes  a  few  minutes  and  is  clearly  impractical  given  the  facility’s  run  time.  A 
new  generation  of  pulsed  narrow  band  dye  lasers  with  fairly  low  Amplified  Spon¬ 
taneous  Emission  (ASE)  has  recently  been  made  available.  These  lasers  have  the 
advantage  of  providing  for  an  automatic  alignment  of  the  grating  and  the  intrac¬ 
avity  etalon  gain  curves  over  the  entire  dye  gain  profile.  This  would  accelerate  the 
scanning  process  and  thus,  enable  the  probing  of  a  larger  number  of  transitions 
within  the  facility’s  run  time.  Moreover,  the  probed  transitions  would  not  be  lim¬ 
ited  to  small  spectral  intervals.  The  laser  could  be  programmed  to  scan  over  a  set 
of  transitions  which  would  be  selected  to  cover  a  large  range  of  quantum  levels. 

Several  improvements  in  the  resolution  of  the  population  distributions 
can  be  suggested.  In  this  smdy,  the  laser  lineshape  g(vj  has  been  assumed  con¬ 
stant  for  all  transitions,  and  stable  at  the  frequency  However  it  is  very  likely 
that  the  laser  lineshape  varies  during  the  scan  due  to  cither  temperamre  drifts  or 
small  asynchronicities  in  the  etalon  tracking  mechanism.  It  is  also  possible  that 
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the  laser  profile  jitters  about  the  center  frequency  v^.  These  two  effects  produce 
net  variations  of  laser  pumping  power  which  cannot  be  measured  with  the  present 
set  up  but  could  be  minimized  by  monitonng  the  laser  speemai  line  profile  dunng 
a  scan  with  either  a  Fabry-Perot  set  up  or  confocal  interferometer. 

As  discussed  in  Section  5.5.2  the  scatter  observed  in  both  rotational  and 
vibrational  distributions  is  subject  to  the  accuracy  with  which  the  factors  used  to 
correct  fluorescent  intensities  are  determined.  In  the  present  work,  these  factors 
are  based  on  predetermined  radiative  rates  measured  by  LIF  produced  by  a  broad 
band  laser  excitation.^*  As  a  results,  the  rates  are  not  state  specific  and  can  only  be 
considered  as  approximations  in  terms  of  individual  transitions.  A  more  precise 
analysis  of  the  measured  fluorescent  intensities  may  be  achieved  if  the  decay  rate 
for  each  transitions  were  measured  experimentally.  This  could  be  done  with  a 
technique  that  is  similar  to  that  used  to  measure  the  laser  pulse  shape  described  in 
Section  5.3.3.  Such  a  technique  involves  using  a  pulsed  narrow  band  laser  to  probe 
iodine  vapor  which  is  maintained  in  a  well  controlled  environment  (for  instance, 
a  static  cell  with  cold  finger  assembly,  or  a  slow  flow  of  iodine  vapor  through  a 
tube).  Preselected  single  transitions  can  be  excited  by  a  narrow  band  laser  pulse 
and  the  upper  intermediate  state  lifetime  can  be  measured  by  scanning  a  narrow 
boxcar  gate  across  the  fluorescent  pulse  profile.  The  radiative  decays  measured 
this  way  include  predissociation  effects  and  should  display  fine  structure  varia¬ 
tions  due  to  crossing  points  between  the  outer  limb  of  the  B  state  and  other  disso¬ 
ciative  states.  The  precision  of  the  population  measurement  would  then  still  be 
dependent  on  the  accuracy  of  both  the  purely  radiative  decay  rates®  (SAj,-  predis¬ 
sociation  excluded.  Ref.  Section  3.2)  and  direct  dissociation  rates®  absorp¬ 
tion  into  the  ‘IT  state.  Section  3.2). 
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The  vibrational  temperatures  shown  in  Figure  39  and  Figure  40  display 
rather  signincant  error  bars  which  could  be  reduced  by  probing  a  wider  range  of 
vibrational  levels.  To  compensate  for  the  lower  number  density  expected  in  these 
upper  levels,  transitions  with  large  Franck-Condon  factors  have  to  be  chosen.  .As 
shown  in  Figure  12,  to  probe  a  greater  number  of  lower  vibrational  (0  <  V"  <  20), 
maximum  Franck-Condon  factors  are  found  for  transitions  whose  upper  vibration¬ 
al  levels  V’  is  20  or  lower.  It  can  also  be  seen  by  correlating  Figure  12  and  Figure 
13  that  the  region  of  maximum  Franck-Condon  factors  requires  laser  pumping  at 
about  6000  .A,  and  above. 

Attenuation  of  the  laser  beam  due  to  absorption  of  laser  power  by  gas 
molecules  outside  the  probed  volume  was  found  to  be  a  significant  effect  when  the 
transition  is  strong  (Ref.  Section  3.5.1).  Since  an  estimate  of  the  amount  laser  at¬ 
tenuation  requires  an  a  priori  knowledge  of  the  fiowfield  number  density,  it  seem 
preferable  to  deal  with  this  issue  by  operating  in  regimes  where  attenuation  is  neg¬ 
ligible.  This  can  be  achieved  by  several  means:  1)  Reducing  the  laser  beam  path 
length  in  region  of  high  density  by  having  the  laser  beam  enter  the  fiowfield 
through  the  model  and  consequently  from  the  downstream  pan  of  the  shock.  2) 
Limit  the  probed  volume  to  regions  in  the  fiowfield  where  the  number  density  is 
low.  3)  Choose  transitions  whose  absorption  is  not  too  strong.  A  measurement  of 
the  difference  between  the  laser  beam  intensity  before  and  after  the  test  section 
would  give  an  indication  of  the  significance  of  attenuation. 
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Chapter  6 


CONCLUSIONS 

Design  and  construction  of  a  pilot  scale  hypersonic  wind  tunnel  has  been 
achieved.  Its  operation  proves  a  concept  for  generating  a  dissociating  nonequilib¬ 
rium  flow  for  relatively  long  run  times.  The  facility  expands  high  temperature  pure 
iodine  vapor  through  a  sonic  orifice  and  into  a  vacuum.  It  operates  on  a  semi-con¬ 
tinuous  basis  with  a  run  phase  lasting  about  1/2  hour  and  an  iodine  supply  of  about 
1  kg.  The  stagnation  conditions  are  such  that  significant  rotational  and  vibrational 
excitation  can  be  achieved  enabling  the  probing  of  internal  state  distributions 
within  the  expansion.  Observation  of  chemical  nonequilibrium  is  also  possible  be¬ 
cause  3  to  10%  dissociation  may  be  achieved  at  the  stagnation  conditions  selected 
for  this  work. 

For  the  purpose  of  this  work,  a  free  jet  expansion  was  studied  under 
four  different  sets  of  stagnation  conditions.  The  orifice  diameter  was  2  mm.  In  or¬ 
der  to  study  a  zone  of  high  nonequiiibrium,  a  shock  was  generated  by  placing  the 
flat  surface  of  a  disc  26  mm  downstream  of  the  orifice  exit  plane.  A  free  jet  expan¬ 
sion  has  the  advantage  of  being  well  studied  and  understood.  It  also  allows  the 
study  of  3  fairly  simple  flowfield  without  interference  from  complex  boundary 
conditions. 

Probing  internal  energy  population  distributions  has  been  performed 
with  Transient  Laser  Induced  Fluorescence.  A  narrow  band  pulsed  laser  was  used 
to  excite  individual  transitions.  Since  the  excitation  process  is  pulsed,  and  detec¬ 
tion  is  performed  with  a  narrow  gate  centered  around  the  maximum  of  the  fluores- 
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cencs  time  profile,  the  technique  is  quenching  insensitive.  Rotational  and 
vibrational  populations  were  measured  point  by  point  along  the  free  jet  centerline 
but  the  use  of  multidimensional  CCD  arrays  would  enable  fast  probing  of  entire 
cross  sections  of  the  flowfield  within  the  facility’s  run  time. 

Rotational  population  distributions  have  been  measured  at  several  axial 
positions.  Boltzmann  plots  of  the  rotational  populations  indicate  that  the  rotation¬ 
al  distributions  are  in  equilibrium  and  the  resulting  rotational  temperatures  show 
that  both  vibrational  and  rotational  degrees  of  freedom  are  activated.  There  seem 
to  be  evidence  of  rotational  temperature  freezing  in  the  coldest  region  of  the  ex¬ 
pansion  just  upstream  of  the  shock.  The  rotational  temperamre  increases  through 
the  shock  but  does  not  reach  stagnation  conditions  because  of  blunt  body  temper¬ 
ature  effects. 

Vibrational  population  distributions  have  been  measured  for  the  5  first 
vibrational  levels  of  the  X  state.  The  distributions  display  a  significant  scatter 
probably  due  to  uncertainties  in  both  radiative  and  dissociative  transition  proba¬ 
bilities,  and  possibly,  laser  linewidth  instabilities.  Under  the  assumption  that  the 
molecules’  vibrational  energy  is  in  equilibrium,  the  resulting  vibrational  temper¬ 
ature  profiles  indicate  that  the  vibrational  energy  relaxes  more  slowly  than  rota¬ 
tional  energy. 

The  data  analysis  requires  an  a  priori  knowledge  of  absorption,  emis¬ 
sion,  predissociation  and  direct  dissociation  rates.  Absorption  rates  have  been  cal¬ 
culated  from  precomputed  purely  radiative  decay  rates  under  the  assumption  that 
the  electronic  transition  moment  is  constant.  Predissociation  and  direct  dissocia¬ 
tion  rates  have  been  approximated  from  experimental  data.  More  precision  in  the 
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data  analysis  may  be  achieved  if  state  specific  radiative  decay  rates  are  measured 
or  calculated,  and  more  details  for  the  predissociadve  and  dissociative  processes 
are  investigated.  Absorption  and  emission  rates  would  inave  to  be  computed  taking 
into  account  the  variation  of  electronic  transition  moment  with  R-centroid. 

.Attenuation  is  significant  if  the  absorbing  mansition  is  strong  and  the 
number  density  of  the  probed  level  is  large.  Because  an  analysis  including  atten¬ 
uation  requires  an  a  priori  knowledge  of  the  number  density  field,  it  is  recom¬ 
mended  that  future  work  be  performed  in  regimes  where  attenuation  can  be 
neglected  or  at  least  minimized.  This  may  be  achieved  by  probing  regions  of  the 
flowfield  where  the  number  density  is  low,  choosing  transitions  whose  absorption 
is  not  too  strong  or  reducing  the  path  length  of  the  probing  beam  by  introducing  it 
in  the  flowfield  through  the  model. 

The  scanning  ranges  of  the  dye  laser  used  in  this  study  are  small  be¬ 
cause  the  manual  tuning  of  the  intracaviiy  etalon  that  is  necessary  for  long  scans, 
is  impractical  to  perform  given  the  facility's  run  time.  Consequently,  only  a  lim¬ 
ited  number  of  transitions  can  be  used  for  determining  population  distributions. 
The  recent  availability  of  pulsed  self  adjusting  tunable  dye  lasers  would  enable  the 
probing  of  a  larger  number  of  judiciously  preselected  transitions.  Population  dis¬ 
tributions  covering  a  wider  quantum  level  range  would  then  be  possible. 

A  valuable  tool  for  validating  prediction  technique  describing  nonequi¬ 
librium  flows  of  diatomic  gases  has  been  developed.  Concepts  for  generating  hy¬ 
personic  flows  of  a  chemically  reacting  gas  have  been  proven  and  tested.  A 
diagnostic  technique  for  measuring  rovibradonal  population  distributions  within 
these  flows,  has  been  developed  and  may  be  refined. 
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Appendix  A 


Dunham  expansion  coefficients  for  the  iodine  molecule  i  V”  =  0- 19,  V’  =  0-80)  taken 

from  Gerstenkom.'' 
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-0.9429307706030258  iQ-*’ 

B  State 


i 

yio 

y.i 

0 

0.290007271083  10-* 

1 

0.12566869517813  KT* 

-0.149437406811  10-* 

y-o 

ya 

i  * 

-0.75039982603948  10*^ 

-0.126039916187  IQ-' 

3 

43.41440414502073  lO'^ 

0.360843852404  Iff' 

4 

0.22489315808648  IQ-’ 

-0.118936764784  lO'' 

i  ^ 

-0.32286825302082  iQ-*  }  0.160836460759  j 

6 

0.28274026782231  iff^ 

-0.140149921572  lO"^ 

7 

-0.16976059525912  10^ 

0.817082273146  l0-‘‘  | 

8 

0.72483391984314  IQ-* 

-0.329526101021  IQ-*' 

9 

-0.22366834361621  lO-» 

0.937259316176  10-'^ 

10 

0.50241595329130  10-“ 

-0.189281067061  IQ-*^ 

11 

-0.81831500764874  IC^^ 

0.269875228921  ia‘'' 

12 

0.95205749185164  KT** 

-0.2657234093551  Iff*’ 

13 

-0.76837892433947 

0.172032143518  IQ-^' 

14 

0.40758033226391  IQ-*’ 

-0.659290444078 

15 

-0.12752869307005  lO*" 

0.113349602297  lO-“ 

16 

0.17806207411211  10-" 

i 

c*. 

1 

-0.18902422336  10** 

-0.3371894465  10*^ 

2 

0.17571610203  lO'* 

0.7770431620  lO"' 

3 

0.14692600521  lO'^ 

0.1042296758  lO-^ 

4 

0.49182430075  10"* 

-0.2563967293  lO*^ 

5 

-0.73527614381  10-* 

0.3599155253  10"* 

6 

0.73225949643  10^ 

-0.2830661993  lO"* 

7 

-0.48677766343  10-^ 

0.1369590853  10-‘ 

8 

0.22330462900  lO’* 

-0.4261819805  10-* 

9 

-0.72047341782  lO-*” 

0.8670586347  IQ-'® 

10 

0.16418686914  lO'" 

■0.1145240278  lO*" 

11 

-0.26242668071  lO"*’ 

0.9460077352  l(r‘* 

120 


j  ' 

Cs 

^  j 

:  12 

0.28783372161  lO'*^ 

-0.4441816037  10''^ 

! 

-0.20648260620  lO'*' 

0.9058576013  10“’  j 

i  14 

0.87311009715  10-“ 

! 

! 

;  15 

-0.16504695113  lO'^ 

Cu 

1 

-0.473050709  10’^ 

-0.59848313  10*^  | 

2 

0.109273874  10"^ 

0.77278871  IQ-'  j 

3 

0.456705023  lO'^ 

0.17449445  :0-“ 

4 

-0.802422429 

-0.15814745  10-2 

6 

0.711468387  10^ 

0.75476030  lO"*  | 

6 

-0.355923537  lO'^ 

-0.20318475  10*^ 

7 

0.106987914  10^ 

0.31046670  10-’ 

8 

-0.197187575  lO-‘ 

-0.25003026  IQ-’ 

9 

0.218610546  lO'*® 

0.82535824 

10 

-0.133994869  lO-'^ 

11 

0.349444102  10*‘® 

Appendix  B 


Races  and  absorption  coefficients  associated  with  the  transitions  studied  in  this 

work 


Transition 

A2 

(sec‘) 

/42i 

(sec-'O 

/1 23 

(sec') 

B-2  i  Wavenu  , 

'  (m?h/  i  mber 

(.sec )  (cm'*)  , 

7.1)  R27 

9.2  105 

2103 

36313 

7.8  105  .  g  6g  iQi’  1  16341.94  i 

9,2)  P40 

8.6  105 

30267 

92419 

4.6  105  ;  1.25  10‘»  i  16341.76  | 

13,4)  R53 

8.1  105 

19811 

45555 

1.4  105  :  8.18  10-^  i  16341.32 

9,2)  P41 

8.6  105 

30266 

92417 

4.6  105 

1.25  10“ 

16340.92 

13,4)  R54 

8.1  105 

19811 

45555 

1.4  105  8.18  10'' 

16340.28 

9,2)  P42 

8.6  105 

30266 

92417 

4.6  105 

1.25  10“ 

16340.05  1 

9,2)  R48 

8.6  105 

30265 

92412 

4.6  105 

1.25  10“ 

16339.79 

:1.3)P49 

8.3  10* 

91426 

9581 

2.3  105 

3.77  10“ 

16339.62 

1  11,3)  R55 

8.3  105 

91421 

9580 

2.3  105 

3.77  10“ 

16339.07 

ai,2)P151 

8.3  105 

57995 

66046 

2.3  105 

2.39  10“ 

16338.41 

•9,2)  P44 

8.6  105 

30266 

92415 

4.6  105 

1.25  10“ 

16338.27 

Table  7:Transidons  in  the  6120  A  range  and  conesponding  aanadon  probabilides. 


Transition 

Ai 

(sec‘) 

Ajj 

(sec*‘) 

A23 

(sec*) 

Ap^it 

(sec*) 

(in5/J/ 

scc^) 

Wavenu 

mber 

(cm-*) 

1,19,0)  P129 

6.3  105 

30757 

43677 

5.7  105 

1.01  10*» 

17595.61 

i  20,0)  P154 

5.8  105 

34476 

28553 

6.3  105 

1.14  10** 

17595.13 

'25,3)  P81 

4.9  105 

33728 

13905 

8  105 

1.14  10** 

17595.02 

(24,3)  R27 

5.2  105 

31744 

7722 

7.5  105 

1.05  10** 

17594.73 

Table  8:  Transitions  in  the  S683  A  range  and  corresponding  transition  probabilities. 
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B  2 

1  Wavenu 

/1 23 

A 

(m=/J/ 

mber 

(sec-') 

(sec-‘) 

(20,1)  R86  5.8  10^  |  74736  3760  i  6.3  10^  2.47  10'*  i  17594.63 


(17,0)R42  6.3  10=  19091 


4.6  10=  6.31  10 


(25,3)  P85  I  4.9  10=  33723  |  13903  8  10=  ;  1.11  10'* 


i20,l)  P82  I  5.8  10=  I  74743  |  3761 


(17,0)R38  I  6.310=  19092  65851  4.6  10=  6.3  10' 


(17,0)  R43  6.3  10=  19091  65848  4.6  10=  ;  6.3  10'^ 


(18,0)  RlOl  6.3  10=  24585  55800  5.2  10=  i  8.13  10'^  |  :'593.43 


(17,0)  P39  6.3  1"=  19092  |  65850  4.6  1°=  !  6.3  10'^  |  17593.03 


Table  8:  Transiaons  in  the  5683  A  range  and  corresponding  oansiDon  probabilides. 


Transition 

^2 

(sec') 

^21 

(sec') 

A23 

(sec') 

Ap4u 

(sec') 

B,2 

(m=/J/ 

sec^ 

Wavenu 

mber 

(cm-') 

(40,0)  P74 

2.5  10= 

4.5  10= 

8.95  10'’ 

19194.08 

(39,0)  R55 

2.5  10= 

36362 

16175 

4.5  10= 

9.26  10'’ 

19193.63 

(45,1)  P74 

1.4  10= 

4596 

5164 

19193.29 

(45,1)  R76 

1.4  10= 

4596 

5164 

19192.75 

Table  9:  Transidons  in  the  3208  A  range  and  ctnresponding  transition  probabilities. 
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ATTACHMENT  4 


Analytical  dependence  of  the  viscosity  cross  sections  and  viscosity 
coefficients  on  parameters  of  intermolecular  potentials 

Joseph  A.  Kune** 

Institute  for  Theoretical  Atomic  and  Molecular  Physics.  Harvard  University  and  Smithsonian 
Astrophysical  Observatory.  Cambridge.  Massachusetts  02138 

(Received  21  December  1992;  accepted  10  June  1993) 

General  analytical  expressions  for  viscosity  cross  sections  and  viscosity  coefficients  of  gases  as 
functions  of  the  parameters  of  intermolecular  potentials  are  derived  from  the  first  pnnciple  using 
the  classical  scattenng  theory.  Two  types  (one  repulsive-attractive  and  one  purely  repulsive)  of 
the  central-force  potentials,  suitable  to  represent  molecule-molecule,  atom-molecule  and  atom- 
atom  interactions,  are  considered.  The  expressions  for  viscosity  show  good  agreement  with 
results  of  numencal  calculations  in  high-temperature  single-component  gases  t  above  2000  K) 
where  viscosity  measurements  are  not  available. 


1.  INTRODUCTION 


II.  APPROACH 


The  viscosity  cross  sections  and  viscosity  coefficients  of 
gases  depend  on  the  properties  of  the  intermolecular  po¬ 
tentials  for  binary  collisions  dominating  transport  of  linear 
momentum  in  the  gases.  (In  a  single-component  gas  (a  gas 
consisting  of  one  kind  of  nonreacting  and  nondissociating 
particles)  the  potentials  can  be  approximated  by  a  single 
intermolecular  potential.]  The  existing  expressions  for  the 
viscosity  cross  sections  and  for  the  viscosity  coefficients  of 
gases  do  not  show  explicitly  the  dependence  on  all  param¬ 
eters  of  the  intermolecular  potentials  for  the  collisions 
dominating  the  gas  viscosity.  In  numerical  calculations  of 
the  viscosity  cross  sections  and  viscosity  coefficients  for 
neutral  gases,  this  dependence  is  always  “hidden”  in  the 
collision  integrals.'  This  is  very  inconvenient  especially 
when  studying  transport  properties  of  gases  for  which  the 
viscosity  cross  sections  and  viscosity  coefficients  are  not 
available.  Therefore,  the  main  goal  of  this  work  is  to  eval¬ 
uate  from  the  first  principle  reliable  analytical  expressions 
for  viscosity  cross  sections  and  viscosity  coefficients  for 
gases  where  a  reasonable  representation  of  the  intermolec¬ 
ular  potentials  through  well-defined  central-force  poten¬ 
tials  can  be  provided.  Two  such  potentials  are  considered, 
one  repulsive-attractive  [Lennard-Jones  (12,6)]  potential 
and  one  purely  repulsive  [f/Crl—r"*]  potential.  The  ap¬ 
proach  of  this  work  is  general  and  can  be  applied  in  a 
straightforward  way  to  other  types  of  intermolecular  po¬ 
tentials.  The  viscosity  cross  sections  are  denved  below  us¬ 
ing  the  classical  scattering  theory.  [It  has  been  demon¬ 
strated  repeatedly  (see  Ref.  2  and  references  therein)  that 
the  classical  approach  leads  quite  often  to  accurate  predic¬ 
tions  of  gas  viscosity  if  the  orbiting  collisions  in  the  gas  are 
handled  in  a  realistic  way — see  Sec.  IV.]  The  expressions  of 
this  work  for  the  viscosity  coefficients  are  valid  in  single- 
component  gases  which  are  not  far  from  thermal  equilib¬ 
rium  and  which  have  particle  density  below  10^°  cm”^  (so 
that  the  gas  kinetic  processes  are  controlled  by  binary  col¬ 
lisions). 


‘’Present  uidress:  DepartmeoU  of  Aerospace  Engineering  and  Physics, 
University  of  Southern  California,  Los  Angeles,  California  90089-1191. 


The  viscosity  rj  of  a  single-component  gas  in  complete 
(or  local)  thermal  equilibnum  with  temperature  T  can  be 
given  as* 


V(T)  = 


SkT 

sniD ' 


where  k  is  the  Boltzmann  constant,  and  il  is  the  transport 
collision  integral, 

X  1  txp(—pw'‘/2kT)Q{w)w  du\  (2) 

Jo 

where  E=pw^/2  is  the  impact  energy,  a'  is  the  relative 
speed,  and  p  is  the  reduced  mass  of  the  particles  in  binary 
collisions,  and  Qlw)  is  the  viscosity  cross  section  for  the 
collisions. 


Q[w)=lsr  {\—cos'[x(b.u;)]}bdb,  (3' 

Jo 

and  where  x  and  b  are  collision  deflection  angle  and  impact 
parameter,  respectively.  If  the  interaction  potential  for  bi¬ 
nary  collisions  is  a  central-force  potential  f/(r)  (r  is  the 
distance  between  the  particles)  then  the  deflection  function 
X{b,w)  can  be  given  as 


where  is  the  classical  turning  point. 

In  a  gas  of  neutral  particles,  the  potentials  U{r)  may 
be  approximated  by  two  types  of  functions  (other  possibil¬ 
ities  are  discussed  below ) ; 

(a)  repulsive-attractive  Lennard-Jones  potential. 


£/o(r)=4€ 


(5) 


(b)  purely  repulsive  potential  such  as 
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FIG  1  Examples  of  typical  cenirai-force  potentials  for  molecule- 
molecule  interaction  (curve  I),  for  atom-molecule  (overall)  interaction 
(curve  2).  and  for  atom-atom  interaction  (curves  3a.  3b,  and  3c)  when 
the  collision  impact  parameter  is  zero  The  well  depth  for  the  potential  3a 
can  be  much  greater  (by  orders  of  magnitude)  than  the  well  depths  of  the 
potentials  i  and  2 


FIG.  2.  Examples  of  trajectories  of  the  reduced  mass  p  of  a  binary  col 
lision  system  scattered  on  the  center  S  which  is  the  origin  of  a  repulsive- 
attractive  central-force  potential  The  deflection  angles  y  and  correspond¬ 
ing  impact  parameters  b  for  particular  trajectones  are  shown  in  the  figure 
The  small-angle  approximation  is  used  for  descnption  of  scatterings  when 
while  the  trajectones  with  y>y,  are  descnbed  by  the  large- 
angle  approximation;  the  scattenng  with  y  =  y^  =  0  is  the  glory  scaiienng. 
the  trajectory  with  y  =  y  (and  with  the  impact  parameter  b.i  is  the 
trajectory  corresponding  to  the  rainbow  scattenng 


where  e,  a,  C, ,  and  s  are  some  positive  constants  hereafter 
called  the  parameters  of  the  potentials.  Examples  of  the 
potential  curves  are  given  in  Fig.  1.  Approximation  of  the 
potentials  by  the  repulsive-attractive  potential  of  type  (5) 
IS  usually  sufficient  for  recovering  of  the  major  features  of 
the  momentum  transfer  during  the  molecule-molecule  in¬ 
teractions.  and  dunng  some  (especially,  in  noble  gases) 
atom-atom  interactions.  An  example  of  such  potential  is 
shown  in  Fig  1  as  curve  1.  Some  atom-atom  interactions 
can  follow  several,  often  quite  different,  potential  curves 
even  when  both  atoms  are  in  their  ground  states.  Three 
such  curves  are  shown  in  Fig.  1  as  curves  3a,  3b,  and  3c. 
The  repulsive-attractive  potential  3a  can  be  approximated, 
for  the  purpose  of  this  work,  by  function  (5).  The  repul¬ 
sive  potentials  3b  and  3c  can  be  approximated  by  function 
(6)  with  the  exponent  s  increasing  with  increase  of  the 
“steepness”  of  the  curves.  In  other  words,  Jjj  (the  value  of 
5  for  the  curve  3c)  is  greater  than  (*he  value  of  s  for 
curve  3b).  The  potential  U(r)  for  atom-molecule  interac¬ 
tion  can  be  quite  complex,  but  the  overall  effect  of  such 
interaction  can  sometimes  be  approximated^  by  a 
repulsive-attractive  potential  (5);  an  example  of  such  a 
{xytential  is  given  in  Fig.  1  as  curve  2. 

We  do  not  consider  in  this  work  the  momentum- 
transfer  collisions  in  the  field  of  potentials  having  multiple 
barriers  which  arise  from  the  interaction  of  states  with  the 
same  symmetry  (for  example,  curve  crossing  interactions). 
This,  however,  should  not  introduce  any  meaningful  error 
to  our  considerations  because  the  number  of  such  collisions 
is  usually  much  smaller  than  the  total  number  of  the 
momentum-transfer  collisions  in  the  gas.  Also,  we  neglect 


the  tunneling  through  the  barrier  of  the  effective  potential 
energy  and  the  resonance  scattering  associated  with  meta¬ 
stable  energy  levels  of  the  inner  potential  well  and  with 
virtual  energy  levels  above  the  barrier.  (In  most  cases,  in¬ 
clusion  of  these  processes  in  calculations  of  the  viscosity 
coefficients  is  not  of  a  significant  importance^). 

integrals  (4),  (3),  and  (2)  cannot  be  obtained  in 
clrsed  form.  We  solve  the  problem  by  dividing  all  binary 
collisions  between  gas  particles  into  two  (see  Fig  2) 
groups:  ( I )  the  collisions  resulting  in  scattering  in  “small 
angles,”  and  (2)  the  collisions  resulting  in  scattenng  in 
“large  angles.”  The  first  group  includes  all  the  collisions 
with  where  Xp='^/''  2i"d  Xm=-'^/''-  and 

where  the  "smallness”  of  the  angles  and  re¬ 
quires  n  to  be  greater  than  five.  (Value  of  n  =  6  is  chosen  in 
the  present  work  because  it  allows  to  make  a  number  of 
convenient  simplifications.)  The  second  group  of  the  col¬ 
lisions  includes  all  the  collisions  with  x^^^^Xp  and 
which  reflects  the  fact  that  some  collisions 
in  the  field  of  the  repulsive-attractive  potential  can  result 
in  the  negative  deflection  angles  x  smaller  than  Xm  bu'  "O* 
smaller  than  the  rainbow  angle  Xr  (The  orbiting  collisions 
are  discussed  in  Sec.  IV.) 

Taking  the  above  into  account,  the  classical  viscosity 
cross  section  (3)  for  a  binary  collision  in  the  field  of  the 
repulsive-attractive  potential  (5)  can  be  written  as  follows: 

( 1 )  in  the  case  when  Xr>Xm  '< 

Qa[w)  =  27r\  r  ^{l-cos‘[;^'y’(b,ui)]}bifb 

I 

+  f"  {l-cos^[;^'i*>(f),ul)]}b<fb|.  (7) 

(2)  in  the  case  when  Xr'^Xm' 
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FIG.  3  Typical  deflection  function  y(d)  (solid  line)  for  elastic  collision 
of  two  particles  (of  a  given  relative  velocity  w)  in  the  field  of  the 
repulsive-attractive  potential  of  type  (i)  The  meaning  of  the  symbols  is 
the  same  as  in  Fig.  2  The  dash-circle  curve  is  the  deflection  function  for 
the  particles  interacting  through  a  ngid-sphere  potential  with  collision 
diameter  d=a  The  dashed  curve  is  the  small-angle  approaimation  to  the 
deflection  function  y(fi)  for  the  collisions  leading  to  scattenng  into 
the  angles  dash-dot  curve  represents  the  integrand 

in  Et).  (3). 


o  D, 


FIG  4  Typical  deflection  function  ylfi)  (solid  line)  for  tissue  collision 
of  two  particles  (of  a  given  relative  velocity  u)  in  the  field  of  the  repulsive 
potential  of  type  (6).  The  meaning  of  the  symbols  is  the  same  as  in  Fig 
2  and  Fig.  3  The  dash-circle  curve  is  the  deflection  funciion  for  ihe 
particles  interacting  through  a  ngid-sphere  potential  with  collision  diam 
eter  d=o  The  dashed  curve  is  the  small-angle  approximation  to  the 
deflection  function  y(b)  for  the  collisions  leading  to  scattenng  into  the 
angles  Th*  dash-dot  curve  represents  the  integrand  m 

Eq.  (3) 


small-angle  approximations,  respectively,  to  the  deflection 
function  given  by  relationship  (4)  when  i'(r)  is 

given  by  (6)  (see  also  Figs.  3  and  4) 


Q,(w)  =  2rr\  f  ^  { 1  - cos^ ( ( i.ut ) ) }6 
I  Jo 

+  P'"{I-cos^[;ify’((i,u;)l}i<f/i 

+  r*  {l-cos2[;tr(*.‘^)]}*‘/*l  (8) 

where  and  denote  the  large-angle  ap¬ 

proximation  and  the  small-angle  approximation,  respec¬ 
tively,  to  the  deflection  function  ;t'(^,ut)  given  by  relation¬ 
ship  (4)  when  U(r)  is  given  by  Eq.  (5).  The  impact 
parameter  b^,  corresponds  to  the  scatterings  into  the  angle 
Xp-  The  impact  parameters  b'„  and  6"  are  the  lower  and 
the  upper  limits,  respectively,  of  the  impact  parameter  in 
collisions  resulting  in  deflection  angles  x^Xm- 

In  the  case  of  binary  collisions  in  the  fleld  of  the  re¬ 
pulsive  potential  (6),  the  viscosity  cross  section  is 
• 

Q,{w)  =  2rrf  { 1  -cos' (AtI'’  ]  }b  db 


111.  THE  DEFLECTION  FUNCTION  IN  THE  SMALL- 
ANGLE  APPROXIMATION 


In  the  case  of  small-angle  scattenng,  the  function 
1  — cos'[j'{/7,u))]  in  integral  (3)  can  be  expanded  in  the 
following  rapidly  converging  series. 


1  —  cos'[;^(6,u;)  ]  =x^(b,w) 


X*(b,w)  2x^(b.u.) 


X^ib,w) 

315 


+  ■■■  , 


(10) 


which  in  the  case  when  n>6  can  be  approximated  by  the 
first  term  of  the  expansion. 

If  the  reduced  mass  fi  representing  the  binary  collision 
system  is  moving  before  the  collision  in  a  direction  z  with 
linear  momentum  p,  then  the  momentum  (Ap)^  transfered 
during  the  collision  in  the  direction  y  perpendicular  to  z  is 

(Ap),=  |p|sin;f=^u»sin;^,  (11) 

where,  as  before,  x  is  the  deflection  angle  of  the  collision. 
In  the  case  of  scattering  in  small  angles  one  can  assume 
that  sin  The  amount  ( Ap)^  of  the  momentum  trans¬ 
ferred  in  the  direction  y  can  be  given  by  integrating  the 
component  of  the  force  acting  between  the  particles.  This 
component  is 


(9) 


where and the  large-angle  and  the 


dU(r)  dU{r)  dr  dU{r)  b 
^  dy  dr  dy~  dr  r  ’ 

because  in  the  small-angle  approximation  yaxfi.  Thus 


J.  Cham.  Phya..  Vd.  99,  No,  6. 15  Saptambar  1993 


4708 


JOMpn  A.  Kune  Viacotiiy  cross  ssciions 


r 


(^p)y  b  r  +  -  dU{r)  dr 

Ar(M)  =  (2^)i/»i=-(2^£)'^  dr  '  7' 

(13) 

Assuming  further  that  in  small-angle  approximation  zs^wt, 
and  remembering  that  r  vanes  from  -t-  oo  to  and  back 
when  z  varies  from  —  oo  to  -t-  oo.  Eq.  (13)  becomes 


Xib 


2b  f 

,W)  =  - - ; 

Jt 


dU(r)  1 


(14) 


A.  Repulsive-attractive  interactions 


Using  Eqs.  (14)  and  (5)  one  obtains  the  deflection 
function  x^(b.u.’)  for  the  small-angle  elastic  scattenng  in 
the  field  of  the  repulsive-attractive  potential  U^l.r), 


XJb.w) 


l^iW  [32  \bl  '\bj 


(15) 


The  impact  parameter  bp  corresponding  to  the  value  of 
Xj=Xr  obtained  from  solution  of  the  equation 


)  =  (16) 

because  we  assume  that  the  small-angle  deflection  function 
is  satisfactory  approximation  of  the  real  deflection  function 
when  y  IS  close  to  Xp-  Assuming  that  :^^=n’/n  and  using 
Eq.  (15)  one  obtains  from  Eq  (16) 


b,= 


!  15ne 


8£ 


77£ 

’50^ 


1.'; 


3  ,1,0 
-1(1  -  1  1  n. 


(17) 


where  u  =  llE/{5Qne)  and  where  we  assumed  that  (77/ 
80)'®=  1  instead  of  the  accurate  value  0.994. 

For  small-angle  scattenng  in  the  field  of  the  repulsive- 
attractive  potential  Uj(.r)  one  has  from  Eq.  Xa(b)=0 
[where  the  function  Xu(b)  is  given  by  Eq.  (15)]  that  bg 
=  (231/160) '■'“cr,  where  bg  is  the  forward  glory  impact 
parameter  (the  impact  parameter  corresponding  to  :t'  =  0)- 
Because 


/  77£\''*  77£ 

1-^77T~  - 1  +  -  when  u-0,  (18) 

\  50ne/  lOOne 

one  obtains  from  Eq.  (17)  that  6^— (231/160) = 
when  u— 0.  In  the  case  of  large  values  of  u  one  has  bp-^O 
w  hen  u  —  oc .  As  can  be  seen  from  Fig.  5,  the  value  of  bp  in 
Eq  (17)  differs  only  slightly  from  a  in  collisions  with 
Us  10  Therefore,  we  assume  below  that  bp=a  whenever 
u<10. 

When  u  10,  the  difference  between  a  and  b.  increases 
slowly  with  u  (see  Fig.  5).  Then,  ( 1 and  us¬ 
ing  relationships  (17)  one  obtains  1  )/3]'^V. 

The  impact  parameters  b'„  and  6"  corresponding  to 
value  of  Xa~Xm  can  be  obtained  from  equation 

Xp{b.w)-x„  =  0.  (19) 

because  we  assume  that  the  small-angle  deflection  function 
IS  satisfactory  approximation  of  the  exact  deflection  func- 


FIG.  5  Dependence  of  ihe  characteristic  impaci  parameters  of  a  binarv 
elastic  collision  in  the  field  of  poiential  (5)  on  ihe  parameier  u.  f,  is  the 
impact  parameter  al  which  the  collision  defieciion  angle  )  :s  equal  to 
Xp=ir/b.  bp  IS  the  forward  glory  impact  parameier.  h.  and  bZ  are  impact 
parameters  at  which  the  collision  deflection  angle  is  equal  to  i  .  =  -  rr  .  tj, 
and  a  is  the  distance  between  the  colliding  panicles  at  which  the  inter, 
molecular  potential  vanishes. 


tion  x^b,w)  when  the  deflection  angles  are  close  to  v-n 
Assuming  further  that  Xm  =  —  rr/n.  n  —  b.  and  using  Eqs 
(15)  and  (19)  one  obtains 


61  = 


15rte 


8£ 


1-1- 


77£ 


1,2 


50ne 
1^6 


-  [1_(1-W)'^2] 

U 


[20) 


and 


bl  = 


15n€ 

IF 


1+  1 


77£.  l/2,ji,n 

‘~5^)  j! 

,  1/6 


-  [l^(l-«) 
u 


1/21 


(21) 


When  u>l,  the  smallest  angle  is  greater  than 
and  the  deflection  angle  Xa^b.u')  is  always 
greater  than  Xm  for  any  value  of  b.  Then,  the  small-angle 
deflection  function  Xa^b.w)  can  be  used  whenever  b  is 
greater  than  bp. 


B.  Repulsive  interactions 


Using  Eqs.  (14)  and  (6)  one  obtains  the  deflection 
function  Xt^b,w)  for  small-angle  scattenng  in  field  of  the 
repulsive  potential  Ui,(r), 


n''^sC,ris/2+l/2) 

TuTT+rr 


(22) 


In  order  to  obtain  an  analytical  dependence  of  Xb  o” 
the  exponent  s  we  assume  that  s  is  an  integer  greater  than 
one.  Subsequently,  we  simplify  Eq.  (22)  by  introducing  a 
parameter  p=s/2  +  1/2  and  by  noting  that  r(p)  increases 
monotonically  with  p  as  long  as  p>3/2.  Then,  the  s  depen¬ 
dence  of  the  ratio  of  the  gamma  functions  in  relationship 
(22)  can  be  written  as 
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FIG  6  Linear  apprommaiions  (the  thick  solid  lines)  to  the  functions 
fe;„(u)  »nd  ill  11 )  I  shown  in  Fig.  5)  in  the  intervsl  0  2<ii<  1 


r(5/2-i/2)  rip) 

r(5/2^i)  ~r(p+i/2) 

In  most  applications  p  is  less  than  five,  ''veakly  depen¬ 
dent  on  p  and  close  to  0.56. 

IV.  THE  DEFLECTION  FUNCTION  IN  THE  LARGE- 
ANGLE  APPROXIMATION 

A.  Repulsive-attractive  interactions 

1.  Collisions  with  b<,bp 

The  scattenng  in  angles  x  greater  than  can 

be  represented  by  the  ngid-sphere  deflection  function 
Xo(b,w)  =2  arccos(if/d)  (d  is  the  kinetic  “collision  diam¬ 
eter”).  Subsequently,  the  viscosity  cross  section  for  the 
large-angle  scattenng  when  b<ibp  is 

ftp 

Qq{w)=2-  {1 -cos‘[;t-o(6,u))]}6dd=2jTif^3.  (24) 

2.  Collisions  with  b'„<,b  <.b';„ 

Scattenng  into  negative  angles  smaller  than  Xn, 
=  —n/n  occurs  when  u<  1.  In  principle,  the  impact  pa¬ 
rameter  b,  corresponding  to  the  minimum  value  of  the 
angle  x  ( which  is  the  rainbow  angle  Xr)  can  be  found  from 
solution  of  the  equation 

dx{b,w) 

-^  =  0.  (25) 

when  x(^’‘^^  <Xm-  The  function  ;t(6,u;)  in  Eq.  (25) 
should  be  the  exact  deflection  function  for  the  repulsive- 
attractive  potential  ( 5 )  because  the  small-angle  deflection 
function  is  inaccurate  when  X'^Xm-  Unfortu¬ 

nately,  the  solution  of  Eq.  (2S)  can  not  be  obtained  in  an 
analytical  form.  However,  it  can  be  seen  from  Fig.  5  that 
6^  and  b”  can  be  approximated  by  linear  functions  of  u 
when  0.2  £  u  :$  1.  It  is  obvious  from  Fig.  6  showing  these 


functions  that 


'■q:  Pi  '■qj  Pi 
—  =  —  and  —  =  ~  . 

^  P:  r*  Pi 

which  leads  to  conclusion  that  the  ratio 


(2t)l 


h;(l)-6;(0.2)  b'„{])-b'^{Lj 

^;(o.2)-6;(i)"6;(u*)-6;(i) 

IS  practically  constant  for  an  arbitrary  u,  greater  than  0  2 
but  smaller  than  1.  This  means  that  m  collisions  with 
0.2<u<l  there  is  a  value  of  the  impact  parameter  which  is 
almost  constant  regardless  of  the  values  of  a,  b'^.  and 
b"  ,  including  the  case  when  b'„  =  b'^  and  u  =  1  Since  there 
IS  only  one  extremum  (the  rainbow  angle  y ,  i  of  ihe  deflec¬ 
tion  function  Xi  (the  subsenpt  i  indicates  the  deflection 
function  when  b'„  <  b  <  b'^  and  0  2»;u<  1  )  this  constant 
value  of  the  impact  parameter  must  be  close  to  the  rainbow 
impact  parameter  b, .  At  u  =  1 .  b,  =  b'„  =  6"  .  and  b,  =  i  2 }  1 
80)'^‘’£7=r6a/5.  Subsequently,  Eq  (15)  yields  the  rainbs’u 
angle  (in  radians), 


SOire 

TIE 


28j 


The  viscosity  cross  section  Q,(w)  for  collisions  with 
0.2<i/<  1  and  b'„  b  <  b'^  can  be  given  as 

Q,{w)=2it  P"  {I  — cos*[:t',(f>.a')  )}b  db  ;29) 

When  0.2<u<;l  one  obtains  from  Eq.  (28)  that 
5it  it 

130) 


As  discussed  below,  when  u>0.2  then  £'/e>0  8  and 
the  orbiting  collisions  do  not  occur  Also,  the  lower  limit  of 
interval  (30),  Xr=  — 5ir/6,  is  close  to  "  which,  ac¬ 

cording  to  expression  (28),  corresponds  to  £/e  =  0  65(u 
=0.17).  Therefore,  relationship  (30)  is  a  reasonable  rep¬ 
resentation  of  the  limits  of  the  deflection  function  y , 

The  function  {1  — cos‘[;y,(b,ui)]}b  occunng  in  the 
cross  section  (29)  can  be  replaced  (the  “pentagon"  ap¬ 
proximation)  by  the  function  indicated  in  Fig  7  by  the 
dash-dot  lines.  Consequently. 

Q,(u')=27r  I  "  {1  —  cos^[;y',(b,ui) ]}b  db=r2rr/4* . 

(31) 

where 

>4*  =  5(6,-6;„){{[  1  -cos^(;y,(b,u))  ]  ]b}^ 

-[}-ccs^XJK}+l(K-t>r) 

X  {{ [  1  - cos^ [ jf,( b,u))  ]  ] b},„„ -  ( 1  - cos‘jf ] b;} 

-f  ( b;  -  b,)  [  1  -  cos' ]  b:  +  ( b,- b; ) 

X  [1-cos' (32) 


J.  Chem.  Ptiys..  Voi.  99,  No.  6, 15  September  1993 


*/  — -  - 


FIG  1  The  pentagon  approaimaiion.  denoted  by  the  dash-dot  line,  to 
the  function  { 1  — cos‘[;y(i,u))]}i  for  collisions  with  impact  parameters 
<  b  <  b2,  which  result  in  scattenng  into  negative  deflection  angles 
smaller  than  Xm  but  greater  than 

the  maaimum  value  of  the  function  [1  — cos’[jy,(i)l]6.  F(i")  =  (; 
-  cos‘Lr,(*;)]]*;  and /•(*;)  =  [I  -  co$-(jy,(6;)]]i; . 


with  {[1  -cos*[;t',(/7,u))]]i}„„  being  the  maximum  value  of 
the  function  (l—cos^[;^',(^.ui))]i. 

If  Xt  for  a  given  collision  is  smaller  than  —  tr/b  but 
greater  than  —n/2,  then  the  function  1  — cos^[;^,(h,u;)]  in* 
creases  monotonically  with  Xi  reaching  maximum  when  Xi 
IS  maximum,  that  is,  when  Xi  —  Xr  (***  ^'8-  inter* 

val  ~Tr/2<x,<  —tr/b  corresponds  to  0.33<«<1  )  Thus 
the  term  {[1 -cos^[;^',(h,u.)]]h}^,  in  Eq.  (32)  can  be 
given  as 


{[  I  -cos^ljt/i^-n^l  1  l*}ma.=  [  1  -cos^ATrll’r.  (33) 

because  the  maximum  of  the  function  [1  —  cos^[;^,(h,tt;))]6 
occurs  at  an  impact  parameter  which  is  close  to  h,,  a  result 
of  the  fact  tha.  increase  of  b  cannot  compensate  the  much 
faster  decrease  of  the  function  1  — cos^[;^',(h,u;)]  when  b 
becomes  greater  than  h,. 

A  Fourier  analysis  suggests  that  when  0.2<u<l,  the 
function  1  —  cos^  Xr  c^n  be  approximated  by 


l-cos^[;^',(r/)]~ 


3 


(rr-Ar,(n))=-,g 


(34) 


Taking  the  above  into  account,  relationship  (32)  can  be 
rewntten  as 


A,=-(b':,-b'„ 


b’„  +  b"+b,\--j^-\ 


(35) 


Using  Eqs.  (20)  and  (21)  one  obtains 


bl^b: 


'"U).  r=Uj  "-(2) 


FIG  8  The  saw  approximaiion.  denoted  by  ihe  dash-dot  line,  to  the 
function  { I  -  cos^Lr(b.u;)])b  for  nonorbiting  collisions  with  impact  pa¬ 
rameters  b‘„  <  b  <i  b2  which  result  in  scattenng  into  negative  deflection 
angles  smaller  than  yo=  -ir/2.  F„,.  =  {[1  -*os'(^,(b)]]2>}„„  is  the  mas- 
imum  value  of  the  function  (1  -cos’(y,(b))]b 

where  we  neglected  the  term  u/24  as  much  smaller  than 
unity.  One  should  notice  that  the  difference  (36)  does  not 
approach  zero  as  u  approaches  unity.  This  results  from  the 
fact  that  when  u  is  approaching  unity  then  the  one-term 
expansion  ( 10)  is  less  and  less  accurate.  However,  this  fact 
is  not  of  much  importance  in  calculations  of  the  viscosity 
cross  section  because  is  small  when  u  is  close  to  one. 

When  0.33<u<l  one  has  from  Eqs.  (35)  and  (36) 
that  bl„  =  53(7/50  and  6"  =  (6/u)''V.  Thus  relationship 
(35)  can  be  rewritten  as 


Ai 


i7^(6u—  1  )cr 
90i? 


(37) 


Vanation  of  the  term  {b/u)''^  m  Eq.  (37)  with  u  is 
much  slower  than  the  variation  of  the  term  {bu—D/w. 
(6/u)'^*=  1.37  (when  u  =  0.9),  1.50  (when  u=0.5).  and 
1.62  (when  h=0.33)  Assuming  (6/m )'■'*=  1.50  and  re¬ 
placing  1/(20m^)  by  Its  value  when  u  =  0.5  one  obtains 
from  Eq.  (37) 


(38) 


Relationships  (33)  and  (38)  cannot  be  used  when 
0.2<u<0.33  because  then  the  maximum  value  of  the  func¬ 
tion  1  — cos^[jf,(6)]  is  not  equal  to  1  — cos^  Xr’  but  equal  to 
1  —  cos^[;f,=ir/2)=  1.  Therefore,  we  replace  in  such  a  case 
the  integral  in  the  cross  section  (31 )  by  obtained  from 
the  "saw”  approximation.  In  this  approximation,  Ai,  (the 
area  defined  in  Fig.  8  by  the  dash-dot  lines)  can  be 
given  as 
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=  >  -cos^  A'ol^o-  ( 1  -cos^  1  -cos*  Afol^o-  [ '  -cos-  v,)o,} 

+  ^(6o -  *,){[  1  -cos^  ;tol^o  -  I  •  -cos^  +  ){[  ■  -cos^  :^:o)*o  -  1  •  Xm\t>„]~\b';„-bQ) 

X  [  1  -  cos’  +  ( *0  -  *^)  [  1  -  cos*  , )  A,+  ( 6,  -  6o)  1 1  -  cos*  xAbr+ ibQ-i;„)[\ -cos'-  x^]b„  i  39  ^ 


Denvaiion  of  analytical  expressions  for  the  impact  pa¬ 
rameters  bQ  and  bQ  occunng  in  Eq.  (39)  is  difficult  because 
the  function  x,(b),  and  subsequently  the  function 
[1  —cos*  ^;,(6)]h.  cannot  be  obtained  in  an  analytical  form. 
Therefore,  we  make  in  what  follows  a  reasonable  assump¬ 
tion  that  ho  is  the  midpoint  between  b'^  and  b,,  and  hg  is 
the  midpoint  between  b,  and  h"  . 

Because  vanation  of  u  when  0.2<u<0.33  has  little  im 
pact  on  values  of  b^  —  b,  and  h"  —  b^  one  has,  assuming 
that  li  IS  a  constant  equal  to  0.25,  b,  —  b'^  —  b'^ 

-  h;  =  3cr/50,  b'^  -  b,  =  a/2,  h"  -  b’o  =  o/4,  b‘„ 
=  27(7/25,  h"  =  17a/ 10  Taking  this  into  account,  assum¬ 
ing  vo=-  Vm=  -^/6,  and  using  Eq.  (34),  one  ob¬ 

tains  from  Eq.  (39)  when  0.2<;u<0.33, 


(40) 


It  should  also  be  mentioned  that  even  when  u  =  0.33 
(as  discussed  below  the  accuracy  of  the  viscosity  cross 
sections  at  u~0.33  is  poor  when  compared  with  the  cross 
sections  for  higher  values  of  u)  the  values  of  A|^  obtained 
from  Eq.  (38)  and  from  Eq.  (40)  are  close  to  each  other 
(0  56  and  0.65,  respectively).  This  suggests  that  the  math¬ 
ematical  simplifications  and  physical  approximations  made 
during  derivation  of  Eqs.  (38)  and  (40)  are  quite  reason¬ 
able. 

When  u  <  0.2  the  deflection  angle  is  close  to,  or  smaller 
than,  -  r  We  neglect  such  collisions  because  these  colli¬ 
sions  contnbute  little  to  the  viscosity-related  transfer  of 
momentum  in  the  gas  (see  discussion  below). 


3.  Orbiting  collisions 


The  effective  potential  U^gi.r,b)  for  a  collision  in  the 
field  of  potential  (5)  with  impact  parameter  b  and  with 
impact  energy  E  is 


Ucnir.b)  =  U{r)  +2^“^ 


b^E 

+  -7-’ 


(41) 


where  L=bnw=b{2iJ.E)'‘^  is  the  magnitude  of  the  angu¬ 
lar  momentum  of  the  collision  system.  The  distance  Tq  at 
which  the  maximum  of  the  centrifugal  barrier  of  the  effec¬ 
tive  potential  (41)  occurs  is 


(42) 


Orbiting  occurs  when  the  impact  energy  £  is  close  to 
the  height  ( U^)o  of  the  centrifugal  barrier.  Then,  the  ra¬ 
dial  velocity  of  the  reduced  mass  fj,  is  small  in  some  range 
of  the  distance  r,  and  the  tangential  component  of  the  ve¬ 
locity  will  carry  the  particle  several  times  around  the  scat- 


r 

tering  center  before  ilie  radial  component  of  the  velocity 
becomes  significant  again  In  other  words,  for  an  orbiting 
collision  to  occur,  the  radial  velocity  {2[£- L',(r(r,b)] 
must  be  close  to  zero  when  the  effective  potential 
U^(r,b)  IS  at  a  classically  accessible  maximum  Thus  or¬ 
biting  occurs  at  the  impact  parameters  b~b,^  when 


di'ffr(r.b) 

EzzL'gir.b)  and  - =  0  (43; 

or 


Using  Eq.  (41).  solution  of  Eqs  (43)  gives  two  real 
positive  roots  which,  in  general,  correspond  to  a  minimum 
(at  r=r.^)  and  a  maximum  (at  r=r^,)  of  the  function 
L\tf{r,b).  Choosing  the  larger  root  one  obtains  the  impact 
parameter  b^  of  the  orbiting  collision  ( with  impact  energy 
E)  in  the  field  of  potential  (41 ), 


2- 

h  —  — 

2  1/6 

-V' 

^0  — 

[E)  vrv- 

4e  1 

1, 

’  5£l 

11*4. 

X 

1  - 

One  can  see  from  Eq  (44)  that  orbiting  will  not  occur 
when  5£/4e  >  1 ,  that  is,  when  u>0.2{£/e=r4u  if  f7  =  b) 


B.  Repulsive  interactions:  Collisions  with  b<.bp 

The  viscosity  cross  section  (24)  for  the  large-angle 
scattering  (when  b<i,bp)  in  the  held  of  the  potential  be¬ 
comes 


Co(i^)  =2776^3.  (45) 

where  bp  [obtained  from  Eq.  Xb^b.w)  -\p  =  0  when  Xp=~'' 
6]  is 


bp= 


■ 


(46) 


V.  THE  VISCOSITY  CROSS  SECTIONS 

A.  Repulsive-attractive  interactions 

Using  the  conclusions  of  the  previous  sections  and  Eqs. 
(7)  and  (8)  one  has 

(I)  The  viscosity  cross  sectioi.  Qaiw)  for  0.2<,u 
<0.33  is 
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Jo 

+  r*”  {1  —  cos^[;>f,(6,u;)  ]}i> 

Jo'^ 

f*  ,  trcT  /  I  \ 

^  =-^  f28  +  j^J,  (47) 

where6)„  =  21  a/25  ^nd  b'^  =  17c7/10; 

(II)  Using  the  pentagon  approximation  (38).  the  vis¬ 
cosity  cross  section  QI(w)  for  0.33<u<l  is 

^(w)=2n  I"  {I -cos*(^'o(<!’.‘‘')]}*‘3'* 

Jo 


■*■  J*  6, ii;)i>  ifh-t- J"*"  [  1 

-  cos’ [j',(  6.1x0  ]  ]i>  j  ^'*(6,u;)6  if6 


When  u=;l,  the  cross  section  ^  agrees  with  numerical 
values  within  few  percent.  The  cross  sections  and 
begin  to  loose  their  accuracy  when  uSO.4;  when  0.2  <u 
<  0.33  the  difference  between  our  cross  section  and  that 

obtained  from  numerical  calculations  can  be  as  much  as 
50%.  However,  collisions  with  u  S  1  can  be  important  only 
in  low-  and  moderate-temperature  gases  (below  2000  K) 
where  transfer  of  linear  momentum  in  the  gas  is  insignifi¬ 
cant). 

B.  Repulsive  interactions 

The  viscosity  cross  section  Qi,{u;)  for  scattenng  in  the 
field  of  the  potential  f/(,(r)  is  [see  Eq.  (9)] 


Q„(w}=2v 

I  r  ^  {1 -cos*[;|/o(^.<^') 

1 

TT 

IT*' 

^3 

^^12(5-1))*^' 

where  6^  is  given  in  Eq.  (46) 


n-cr  /  15  5 

=lo 


(48) 


where  6;„  =  53a/50and6"  =  3cr/2; 

(III)  The  viscosity  cross  section  for  1  10  is 

^^(u')=2r  f  {1 -cos^[;^’Q(b.w)]}b  Jb 

i  J  0 

^  I*  );o(6.ui)6d6 
J  O 


i7cr  /  3 

=  ^  8  +  -, 


-  12 

(IV)  The  viscosity  cross  section  Qa(w)  for  u  >  10  is 

^^^(ix’)  =2tr|  {1  -  cos^lj^oC^-t^)  ]}^  db 


r*  ,  ”’0^ 

where  6^=  (9/u)'^'^a. 

One  should  notice  that  if  all  the  simplifications  and 
approximations  made  during  evaluation  of  Eqs.  (47)- (50) 
are  reasonable  then  one  should  have;  Q^(u  =  0.33) 

=  0.33).  Q^(u=l)^Qi'(u=l).  and  W)  =.Q,^(u 

=  10).  Indeed,  expressions  (47)-(50)  yield;  QI^(u  =  0.33) 
=  2.48rr(r^.  (^(u  =  0.33)  =2.54ira^.  gf(u=  1 )  =0.867rcT. 
Q'^(u=l)=0.9lTra^,  Q^(u=l0)=0.667ra^.  and 
=  107  =  0.68jra^. 

We  compared  the  scaled  viscosity  cross  sections  Q{u)/ 
ira^  obuined  from  Eqs.  (47)-(50)  with  results  of  numer¬ 
ical  calculations  using  in  both  cases  the  same  Leonard- 
Jones  interaction  potential.  The  agreement  for  the  cross 
sections  and  Qt  is  better  than  one  percent  when  u  >  1. 


VI.  THE  COLLISION  INTEGRALS 
A.  Repulsivd-attractive  interactions 

In  derivation  of  the  viscosity  cross  sections  we  identi¬ 
fied  five  intervals  of  the  parameter  u 

(1)  0<wi;m|  with  Ui=0.2  and>'|  =  4x/5,  (52) 

(2)  U|<u<U2  with  1(2=0.33  and>'i=4x/3,  (53) 

(3)  U2<u<iUi  with  1x3=1  and>'|=:4x,  (54) 

(4)  U}<u<U4  with  ix«=10  and  >'|=39x,  (55) 

(5)  IX  >  ix«,  (56) 

where  >’=£’/^r  and  x  =  (/kT  The  collision  integral  (2) 
can  now  be  wntten  as 

where,  as  before,  is  the  viscosity  cross  section  for  a 
collision  dnven  by  potential  (5). 

The  function  g(y)  =>'^  exp( —y)  plays  in  integral  (57) 
a  role  of  a  “weight  function”  for  the  cross  section  Qaiy) 
The  most  probable  value  of  y  is  >'^=3.  When  y4U  the 
function  g(y)  decreases  rapidly  with  decrease  of  y,  and  at 
large  values  of  y,  g(y)  decreases  also  rapidly  with  increase 
of  y. 

Particles  of  molecular  and  noble  gases  interact  through 
shallow  potentials,  that  is,  potentials  with  values  of  e/k  less 
than  few  hundred  Kelvin  degrees.  When  kT>  e  and  ix  <  tX| 
=  0.2,  y]  IS  less  than  one.  In  addition,  typical  low-energy 
viscosity  cross  section  Q{y)  is  not  unusually  high  and  it 
vanes  with  the  impact  energy  less  rapidly  than  the  function 
g(y).  Therefore,  in  gases  where  kT >  t,  the  contnbution  of 
collisions  with  energies  less  than  £,  to  the  collision  integral 
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(57)  can  indeed  be  neglected.  Thus 

"‘“(its) 


f  kT 

=  (  j  +wi'(x)  ], 


(58) 


I  kT\'^-  r-  , 

Jo " 

4(^V'‘(2. 


exp( 


rt4-2r) 


6 \2mJ  r  '  12(1-z)  Ktr^, 

XikD'''^-^,  (01) 

where  P ix)  is  the  gamma  function,  and  z—  l/s 


where 


&>a^(x)=  r  expi -y)Q^(y)iiy/var^. 

■'x 

tJa(t<;)=  I  y^  txp( -y)Ql{y)dy/ncr, 

o}'^{x)=  r  y  exp( ->i)^^(>)d>/fl‘cr, 
•'y, 

(OaM=  \  y^  exp(-y)Q^{y)dy/n(r. 

dy. 


(59) 


(60) 


Expressions  (59)-(60)  can  be  evaluated  exactly  using 
methods  of  symbolic  computations.  However,  the  resulting 
formulas  are  lengthy  and  cumbersome.  Because  the  exact 
formulas  do  not  appear  explicitly  in  the  following  analysis, 
we  arc  not  giving  them  here. 

As  mentioned  previously,  interactions  of  some  atoms 
produced  by  dissociative  processes  can  be  driven  by  very 
deep  repulsive-attractive  potentials  (similar  to  the  poten> 
tial  3a  in  Fig.  1 ).  The  well  depth  €  of  such  potentials  can  be 
much  greater  than  kT — in  some  cases  it  can  be  as  high  as 
several  electron  volts.  Relationship  (28)  indicates  that 
such  collisions  will  mainly  be  the  orbiting  collisions.  There¬ 
fore,  we  do  not  evaluate  in  the  present  work  expressions  for 
viscosity  for  gases  of  atoms  interacting  through  the  very 
deep  repulsive-attractive  potentials.  Another  reason  for 
doing  so  comes  from  the  conclusions  of  work  of  Levin 
et  aL  *  They  showed  that  the  higher-lying  electronic  states 
of  binary  systems  formed  by  two  interacting  atoms  pro¬ 
duced  in  the  gas  by  molecular  dissociation  provide  the 
major  contribution  to  the  average  collision  integrals.  [The 
repulsive-attractive  diatomic  states  with  the  very  large 
(several  electron  volts)  well  depths  are  usually  the  ground 
sute  and  the  lowest  excited  sutes  of  the  binary  systems 
formed  by  two  colliding  atoms.]  The  higher-lying  sutes, 
driven  by  the  shallow  repulsive-attractive  potentials,  can 
be  treated  in  the  way  described  in  this  and  in  the  following 
sections  discussing  the  repulsive-attractive  interactions 
v^en  €  <  kT. 


B.  Repulsive  Interactions 

Using  Eq.  (SI),  the  collision  integral  tif  for  a  single¬ 
component  gas  of  particles  interacting  through  the  repul¬ 
sive  potential  given  in  Eq.  (6)  can  be  given  as 


C.  Viscosity  coefficient:  Repulsive-attractive 
interactions 


Taking  into  account  relationships  (1)  and  (58)-(60), 
the  viscosity  of  a  single-component  gas  m  which  parti¬ 
cles  interact  through  the  potential  Uj(r)  given  m  Eq  (5) 
can  be  given  as 


5  /2fikry^‘ 

4<rOfl(x)  \  jr  j 


(62) 


where,  as  before,  x  =  £/kT 

When  0.02£x£0.2  the  function  a)j,(x)  in  Eq  (62) 
reduces  to 


1/4 


(63) 


so  that  the  collision  integral  (58)  becomes 

,  _  V  1/2 

n,=3.25rr^e'/N— j  (kT)''*. 
and  viscosity  (62)  is 

When  0.2<x<2,  the  function  cog^x)  first  slightly  de¬ 
creases  with  X,  then  reaches  (at  xz.0.7)  a  very  shallow 
minimum,  then  increases  again  as  x  becomes  greater  than 
about  0.7.  In  the  vicinity  of  the  minimum,  the  integrals  <yf 
and  01^  are  the  two  major  contributors  to  the  collision 
integral  (i)g(x),  and  the  viscosity  cross  sections  and 
arc  also  the  two  major  contributors  to  the  viscosity  cross 
section  Qg.  As  mentioned  in  Sec.  V  A  the  accuracy  of  the 
cross  section  Qg  is  poorer  at  x=:0.7  than  at  smaller  values 
of  X  corresponding  to  higher  temperatures.  In  addition, 
there  is  no  physical  reason  for  the  function  cogix)  not  to 
increase  monotonically  with  x  when  0.2  5x52.  Thus  the 
local  shallow  minimum  of  cjg(x)  at  x =0.7  does  not  reflect 
physical  properties  of  the  gas,  but  it  is  rather  a  result  of 
simplifications  made  during  evaluation  of  the  cross  sections 
gf  and  0^  and  the  integrals  and  cjg.  Therefore,  rela¬ 
tionship  (65)  can  be  used  when  0.2  5x5  1  and  even,  as  a 
rough  approximation,  when  15x52  (however,  the  latter 
interval  of  x  is  usually  of  little  importance  in  moderate- 
and  high-temperature  gases). 

We  compared  the  viscosities  obtained  from  Eq.  (65) 
with  existing  measured  viscosities  of  the  Ar,  He,  Ne,  H2, 
N2,  O2,  CH*,  and  CO2  gases.  The  agreement  between  the 
predicted  and  measured  viscosities  for  some  of  the  gases  at 
r=300  K  is  not  better  than  10%-1S%,  but,  as  expected, 
it  improves  (almost  linearly)  with  increase  of  gas  temper- 


(64) 


(65) 
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ature.  Measured  values  of  the  viscosity  coefficients  at 
T<2000  K  can  be  obuined  with  an  accuracy  from 
^0.2%  to  ^0.5%  at  temperatures  between  300  K  and 
1000  K,  and  with  accuracy  ±1—2%  at  temperatures 
above  1000  K.  Thus  one  can  say  that,  in  general,  at  low 
and  moderate  temperatures  (below  1500-2(XX)  K),  the  ac¬ 
curacy  of  the  present  expressions  for  viscosity  coefficients 
IS  not  better  than  the  accuracy  of  the  corresponding  mea¬ 
sured  values.  Therefore,  at  low  and  moderate  tempera¬ 
tures,  expression  (65)  is  of  a  limited  value  and  its  main 
advantage  is  the  fact  that  it  provides  an  explicit  analytical 
dependence  of  on  the  parameters  of  the  interaction  po¬ 
tentials.  However,  at  higher  temperatures  where  measured 
viscosity  coefficients  are  not  available,  the  analytical  vis¬ 
cosity  coefficients  of  ihe  present  work  show  good  agree¬ 
ment  (better  than  2%  )  with  the  corresponding  numencal 
results.  Therefore,  the  viscosity  coefficients  of  the  present 
work  have  great  practical  value  in  kinetic  studies  of  high- 
temperature  gases  The  e.xplicit  dependence  of  the  viscosity 
(65)  on  the  parameters  of  the  interaction  potentials  allows 
one  to  quickly  draw  important  qualitative  and  quantitative 
conclusions  needed  in  the  process  of  formulation  of  detail 
quantum-mechanical  or  classical  models  of  transport  phe¬ 
nomena  in  the  gases,  including  gases  for  which  neither 
expenmental  nor  theoretical  viscosities  are  available. 

The  experimental  viscosities  used  m  the  comparison 
discussed  above  are  those  recently  recommended  in  the 
literature The  viscosities  differ  (often  significantly) 
from  the  early  measurements  compiled  in  Ref  1.  Compar¬ 
ison  of  these  early  measurements  with  numerical  predic¬ 
tions  of  the  viscosities  (using  the  potential  parameters 
compiled  in  Ref  1)  is  made  in  Fig.  8.4-6  in  Ref  1.  One 
should  keep  in  mind  when  refering  to  this  figure,  that  the 
dimensionless  quantity  r;*/ ^ T*  was  obtained  assuming 
that  the  reduced  viscosity  tj*  =  ifcr/  and  that  the 
reduced  temperature  T*  =  kT/€.  Thus  the  viscosities 
shown  in  the  figure  are  proportional  at  a  given  temperature 
to  and  are  independent  of 

when  plotted  as  functions  of  AT/e;  the  T dependence  of  the 
plotted  viscosities  is  the  same  (for  all  values  of  T and  e)  as 
that  of  the  rigid-sphere  viscosity.  Therefore,  the  scaling  law 
used  in  Fig.  8.4-6  of  Ref  1  for  viscosity  coefficients  is 
incorrect,  which  causes  the  discrepancy  and  inconsistency, 
at  lower  temperatures  where  T~e/k,  in  the  agreement 
between  the  measured  and  predicted  viscosities  shown  in 
the  figure. 

The  e"'  *  dependence  of  the  viscosity  (65)  on  the 
well-depth  e  can  be  tested  by  comparing  this  dependence 
with  the  one  obtained  from  measured  values  of  the  viscos¬ 
ities.  This  can  be  done  in  straightforward  way  for  the  gases 
where  collisions  are  dnven  by  repulsive-attractive  poten¬ 
tials  because  various  studies'  suggest  that  the  viscosity  of 
such  gases  can  be  expressed  by  the  following  relationship: 

7}  =  -^  p(£.T).  (66) 

where  p  is  the  reduced  mass  of  the  particles  participating 
in  the  binary  collisions,  a  is  the  intermolecular  distance  at 
which  the  intermolecular  potential  vanishes,  and  p(e,T)  is 


0  200  400  600 


e/k(K) 

FIG  9  The  function  p(€.T)  =  (rT}/n'  '  (Eq  l67)]  for  several  single- 
component  gases  at  room  temperature,  rj  is  ihe  gas  viscosity.  <  is  the  well 
depth  of  the  interaction  potential  for  binary  collisions  of  panicles,  a  is  the 
intermolecular  distance  at  which  the  potential  vanishes,  p  is  the  reduced 
mass  of  Ihe  gas  particles  panicipating  in  the  binary  collisions.  T  is  the  gas 
temperature,  and  k  is  the  Boltzmann  constant  The  crosses  represent  the 
values  of  the  function  when  t)  is  obtained  from  measurements  and 

the  solid  line  represents  the  function  when  rj  is  calculated  from  expression 
(65) 

a  function  representing  the  dependence  of  the  gas  viscosity 
on  the  potential  well-depth  e  and  on  the  gas  temperature  T 
In  order  to  isolate  the  dependence  of  the  viscosity  rj  on  the 
well-depth  e  from  the  viscosity  dependence  on  temperature 
T  we  studied  the  function 

p{€,T)=j^,  (67) 

for  several  single-component  gases  at  room  temperature 
(At  room  temperature  viscosity  measurements  are  avail¬ 
able  for  number  of  gases,  the  gases  are  poorly  dissociated 
and  poorly  ionized,  and  the  magnitude  of  the  potential 
well-depth  e  is  usually  important  for  transport  of  momen¬ 
tum  in  the  gas).  At  fixed  temperature,  function  (67)  de¬ 
pends  on  only  one  parameter — the  well-depth  e  of  the  in¬ 
termolecular  potential  representing  the  binary  interactions 
in  the  gas.  Function  (67)  is  shown  in  Fig.  9  for  number  of 
gases  (representing  a  broad  range  of  the  potential  well- 
depth  c)  at  room  temperature.  One  can  see  from  the  figure 
thatp(e,  r=300  K)— in  theOj,  Ar,  COj.  SO-,  and 
Civ  gases  (where  0.02Se//crS  1),  and  even  in  the  HCl 
and  Br2  gases  (where  1  Se/IcT £2). 

We  test  the  T  dependence  of  expression  ( 65 )  by  com¬ 
paring  it  with  the  corresponding  expressions  for  gas  of 
particles  interacting  through  purely  attractive  part  of  the 
U  potential  and  for  gas  of  particles  interacting  through 
purely  repulsive  part  of  the  U  potential.  If  particles  of  a 
single-component  gas  interact  through  repulsive-attractive 
potential,  then  both  repulsive  part  and  attractive  part  must 
be  taken  into  account  in  description  of  collisions  in  the  gas. 
Therefore,  the  exponent  3/4  describing  the  T  dependence 
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in  formula  (65)  should  be  between  the  corresponding  ex¬ 
ponent  for  viscosity  of  the  gas  of  particles  interacting 
through  the  purely  repulsive  part  of  the  LI  potential  and 
the  exponent  for  the  gas  where  the  particles  interact 
through  the  purely  attractive  part  of  the  potential.  If  two 
panie’es  interact  through  a  repulsive  potential  U(r)^r~\ 
then  the  differential  cross  section  for  an  elastic  scattering 
into  an  angle  0  =  i;tl>  when  the  relative  speed  of  the  par¬ 
ticles  is  w,  is  dq/dd-~w~*^‘.  Thus  one  has  for  the  repulsive 
part  [f/(r)  '*]  and  for  the  attractive  part  (f/(r)~ 

—  of  the  Lennard-Jones  potential,  respectively, 

and^~a|-^''^  (68) 


Consequently,  since  Eq  (3)  can  be  written  as 


2(u’)=J  [l-co%'d)dq,  (69) 

one  obtains  for  the  collisions  driven  by  the  attractive  part 
of  the  Lennard-Jones  potential. 


The  last  relationship  results  from  the  fact  that  in  the  most 
important  region  of  the  variable  y,  integral  (57)  is  fl 
~  '^''^g^y=yp)Q(y=yp)<  where g(>=>’p)  isaconsunt  and 
Qiy=yp)=Q(E^^f^T)  =  Q[w=(6kr/fi)'^^].  Then,  fl 
-2/3_  j-i/6  mean  relative  speed  w 

of  the  colliding  particles  is  proportional  to 

Considerations  similar  to  those  leading  to  relationships 
(70)  yield  the  following  viscosity  cross  section,  collision 
integral,  and  viscosity  when  binary  collisions  in  the  gas  are 
driven  by  the  repulsive  part  of  the  Lennard-Jones  potential; 

C(u;)~w-'"\  (71) 


One  should  notice  that  the  T  dependence  of  the  viscosity 
given  by  relationship  (71)  is  similar  to  that  given  by  Eq. 
(76),  and  that  the  value  of  the  exponent  describing  the  T 
dependence  of  viscosity  (65)  lies,  as  it  should,  between  the 
corresponding  exponents  in  relationships  (70)  and  (71 );  in 
other  words,  8/12  <  3/4  <  10/12. 

The  common  rigid-sphere  formula  for  viscosity  of  a 
single-component  gas  is 


5 


Vo= 


\6d^ 


(72) 


where  d  is  the  hard-sphere  collision  diameter  which  is  of¬ 
ten  assumed  in  literature  as  equal  to  the  parameter  a  of  the 
U  potential  for  the  actual  intermolecular  interactions.  The 
ratio  of  viscosity  (65)  to  viscosity  (72)  is 


«  Tjo  13  icrj  \  f  j 


(73) 


At  very  high  temperatures  (x<0.02),  relationship 
(65)  cannot  be  used.  However,  at  very  high  temperatures, 
<Ua(x)  is  a  weak  function  of  x  and  can  be  given  as  a^ix) 
s:3.  (One  should  keep  in  mind  that  when  x—0  then 
T—go  and  the  gas  under  consideration  becomes  fully  ion¬ 
ized.)  Therefore,  at  very  high  temperatures  viscosity  (62) 


of  a  single-component  neutral,  or  weakly  ionized,  gas  of 
particles  interacting  through  Lennard-Jones  potential  can 
be  written  as 


5  (lnkT\'^^ 

rr  j 


(74) 


This  equation  has  the  same  T  dependence  as  the  ngid- 
spherc  viscosity  given  in  Eq  (72),  and  both  relationships 
are  identical  when 


d  =  ~Y-  0  =  0.87(7. 


(75) 


Relationship  (75)  is  in  agreement  with  the  fact  that  an 
increase  of  the  short-range  part  of  the  LJ  potential  with 
decrease  of  the  intermolecular  distance  is  slower  than  the 
(infinite)  increase  of  the  ngid-sphere  potential  Thus,  re¬ 
placement  of  the  LJ  potential  by  a  ngid-sphere  potential  of 
collision  diameter  d  =  0.Zla  makes  the  interaction  poten¬ 
tial  softer  (that  is,  more  realistic)  than  the  ngid-sphere 
potential  with  d=a. 

Cubley  and  Mason*  calculated  the  transport  collision 
integrals  for  several  single-component  gases  using  intermo¬ 
lecular  potentials  of  Jordan  et  al.‘^  The  collision  integrals 
were  then  adjusted  to  connect  smoothly  with  low- 
temperature  measurements  of  viscosity.  The  resulting  vis¬ 
cosities  for  molecular  nitrogen  and  oxygen  at  temperatures 
up  to  15  (XX)  K  were  t]{T)  —  with  /=0.73  (nitrogen) 
and  /=0.7  (oxygen);  these  values  would  be  different  f  the 
intermolecular  potentials  used  by  the  Cubley  and  Mason 
were  different  from  those  of  Jordan’s  ei  al.  Since  e^Jk 
=  103  K  and  =  128  K,  the  viscosities  of  the  present 
work  for  nitrogen  and  oxygen  gases  at  T  S  5000  K  can  be 
calculated  from  Eq.  (65),  which  gives  /=0.75  for  both 
gases.  The  approximation  Cubley  and  Mason  is  said  to  be 
valid  in  a  very  broad  range  of  temperature,  300 <  Tq  1 5  000 
K.  The  assumption  of  constant  value  of  /in  such  a  broad 
range  of  temperature  can  be  invalid  at  7^  10  OCX)  K  be¬ 
cause  then  all  gases  are  highly  dissociated  and  some  are 
also  well-ionized;  such  gases  cannot  be  treated  as  single¬ 
component  gases  in  which  collisicnal  processes  are  driven 
by  a  single  interaction  potential.  One  should  also  add,  that 
viscosity  of  oxygen  at  r>  1000  K  (no  data  are  available 
for  nitrogen)  obtained  from  the  approach  of  Cubley  and 
Mason  when  using  the  collision  integrals  calculated  by 
Yun  and  Mason shows  T  dependence  closer  to  that  given 
by  expression  (65)  than  to  the  one  predicted  by  Cubley 
and  Mason.  Also,  the  high-temperature  T  dependence  of 
viscosity  predicted  by  expression  ( 65 )  is  in  good  agreement 
with  the  r  dependence  obtained  from  the  collision  inte¬ 
grals  calculated  recently,  using  a  semiclassical  approach  by 
Levin  et  aL^ 

As  said  previously,  in  most  high-temperature 
{TZ2000  K)  nonpolar,  single-component  gases,  expres¬ 
sion  (65)  predicts  viscosity  coefficients  with  accuracy  bet¬ 
ter  than  2%  when  compared  to  the  accuracy  of  the  coef¬ 
ficients  obtained  from  direct  numerical  calculations  based 
on  classical  formalism.  [Interaction  of  polar  molecules  pos¬ 
sessing  permanent  electric  dipole  moment  is  quite  different 
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from  mteraction  of  nonpolar  molecules;"'^  the  interaction 
of  polar  molecules  contains  strongly  angular  dependent 
term  of  long  range  ( The  viscosity  coefficients  ob¬ 
tained  from  Eq.  (65)  for  strongly  polar  gases  at  high  tem¬ 
perature  will  be,  in  most  cases,  within  10%  of  values  ob¬ 
tained  from  numerical  calculations. 

In  general,  the  accuracy  of  formula  (65)  would  im¬ 
prove  if  the  interaction  potential  used  during  derivation  of 
the  formula  was  more  accurate  representation  of  reality 
than  the  Lennard-Jones  potential.  Also,  it  has  been  shown 
(see  Ref  12.  and  references  therein)  that  anisotropy  and 
long-range  terms  (other  than  the  r"*  term)  of  the  interac¬ 
tion  potential  can  be  of  some  importance  for  momentum 
transfer  in  the  gas.  In  most  gases,  viscosity  is  not  very 
sensitive  to  the  shapies  of  the  gas  particles.  However,  in 
some  gases  containing  highly  nonsymmetnc  molecules 
having  large  value  of  ratio  of  the  molecule  length  to  its 
diameter,  the  interaction  between  the  molecules  will  have 
significant  dependence  not  only  on  the  intermolecular  dis¬ 
tance  but  also  on  the  relative  oneniation  of  the  colliding 
particles. 

The  central-force  repulsive-attractive  potentials  stud¬ 
ied  in  this  work  are  those  for  molecules  in  rotational- 
vibrational  ground  states.  Rotational-vibrational  excita¬ 
tion  of  molecules  participating  in  a  collision  changes  the 
parameters  of  the  intermolecular  potential;  it  decreases  the 
potential  well-depth  e  and  increases  the  potential  vanishing 
distance  o  The  magnitudes  of  these  two  effects  depend 
on  the  degree  of  the  rotational-vibrational  excitation,  and 
therefore,  they  increase  with  temperature. 

The  potential  parameters  €  and  a  used  in  the  present 
calculations  are  those  recommended  in  Ref  15.  These  pa¬ 
rameters  agree  well  with  the  parameters  obtained  from 
elastic  scattenng  measurements  by  Lee  and  co¬ 
workers.'*’'  Another  set  of  the  Lennard-Jones  parameters 
often  used  in  the  literature  of  the  subject  is  that  recom¬ 
mended  by  Sherwood  and  Prausnitz'*  and  their  values  are 
close  to  those  compiled  from  early  works  by  Hirschfeldcr, 
Curtiss,  and  Bird.'  (A  critical  review  of  all  the  Lennard- 
Jones  potential  parameters  used  in  this  work  is  given  in 
Ref  12.)  In  general,  the  values  of  cr  recommended  by  Sher¬ 
wood  and  Prausnitz  are  greater  than  the  values  of  a  rec¬ 
ommended  in  Ref  15,  while  the  opposite  is  true  about  the 
corresponding  well-depths  e.  This  is  one  of  the  reasons  that 
the  quality  of  the  analytical  expressions  of  the  present  work 
IS  tested  against  results  of  numerical  calculations. 


D.  Repuls.ve  interactions 


According  to  Eqs.  (1)  and  (61),  the  viscosity  tjj,  of 
single-component  gas  in  which  particles  interact  through 
the  potential  (/j,(r)  given  in  Eq.  (6)  is 


ttz 

s 

1 

1 

u 

T 

2  -f- ,  ^ 

( -/  1 

1  12(i-z) 

X 


It 

(;^7-)2z,1/2 


(76) 


where  r(x)  is  the  gamma  function  of  argument  x,  and 
z=  \/s. 


The  steepness  of  the  repulsive  potentials  U,{r)=C/r* 
shown  in  Fig.  1  increases  with  increase  of  the  exponent  r. 
When  s  increases,  z  in  Eq.  (76)  decreases  and,  subse¬ 
quently,  the  viscosity  also  decreases.  (Therefore,  the 
higner-lying  repulsive  diatomic  states  formed  by  atoms  re¬ 
sulting  from  dissociation  of  molecules  contribute  to  lower¬ 
ing  of  the  gas  viscosity.)  However,  one  must  venfy  this 
conclusion  by  investigating  the  simultaneous  dependence 
of  the  viscosity  Tjj,  on  the  exponent  s  and  on  the  potential 
parameter  C,  because  in  general  the  value  of  C,  depends  on 
s.  This  can  be  done  by  noting  that  the  dependence  of  the 
steepness  of  the  repulsive  potential  (6)  on  C,  and  s  can  be 
found  from  the  properties  of  potential  (6)  at  r=a  (or.  at 
any  other  distance  at  which  two  repulsive  potentials  with 
different  sets  of  s  and  C,  can  be  easily  distinguished)  At 
r=a.  potential  (6)  is 

C, 

U,(a)  =  -n  (77) 

a 


Thus  the  term  C,  *•'  m  Eq  (76)  can  be  wntten  as 


cr  [  L',(£7) 


(78) 


Therefore,  an  increase  of  steepness  of  the  potentials  of  the 
repulsive  states  of  the  diatoms  causes  an  increase  of  value 
of  t/j(CT),  and.  subsequently,  a  decrease  of  the  gas  viscosity 
Tjj,  given  in  Eq.  (76) 


E.  Role  of  inelastic  collisions 

So  far.  we  did  not  consider  the  impact  of  the  inelastic 
collisional  channels  on  magnitude  of  the  viscosity  coeffi¬ 
cient.  In  gases  with  temperatures  less  than  several  thou¬ 
sand  degrees,  the  large-gap  (bound-bound  and  bound- 
free)  electronic  transitions  are  usually  not  important  for 
the  transport  of  momentum  in  the  gases.  However,  molec¬ 
ular  vibration  and  especially  molecular  rotation  can  be  well 
developed  in  many  situations. 

In  general,  the  vibrational  and  rotational  transitions 
can  be  neglected  if  the  molecular  collisions  are  nearly  adi¬ 
abatic.  The  requirement  for  a  molecular  collision  to  be 
nearly  adiabatic  with  respect  to  a  vibrational  transition  can 
be  wntten  as* 


lOo 

jt/?. 


/m^.\ 

I  I 


1/2 


>1. 


(79) 


where  AE^.  is  the  energy  of  the  transition,  mi  is  the  mass  of 
the  lighter  molecule  participating  in  the  collision,  fi,  is  the 
reduced  mass  and  J?,  is  the  intemuclear  equilibrium  sepa¬ 
ration  in  the  target  molecule.  Criterion  (79)  was  evaluated 
under  assumption  that  the  amplitude  of  vibration  of  the 
molecule  in  the  lower  vibrational  states  is  about  0.  IR,,  and 
that  the  range  of  the  most  important  interaction  between 
the  colliding  molecules  is  close  to  the  potential  vanishing 
distance  a. 

The  condition  for  a  molecular  colli'ion  to  be  nearly 
adiabatic  with  respect  to  a  rotational  transition  can  be 
given  as* 
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—  (H 

where  A£,  is  the  energy  of  the  transition,  and  /i  is  Planck’s 
constant 

In  weakly  dissociated  gases,  (iiE^kT)^'^  is  order  of 
unity.  Therefore,  the  vibrational  excitation  in  such  gases 
has  usually  insignificant  impact  on  gas  viscosity.  At  higher 
temperatures  when  dissociation  degree  is  significant  and 
both  atomic  and  molecular  collisions  contribute  to  the  gas 
viscosity,  the  present  approach  has  to  be  modified  in  the 
way  discussed  in  Ref.  3. 

In  the  case  of  rotational  excitation,  condition  (80)  is 
rarely  satisfied  in  weakly  dissociated  gases.  It  seems,  how¬ 
ever,  that  the  main  effect'’  of  the  rotational  transitions  on 
the  gas  viscosity  is  shifting  the  value  of  the  rainbow  angle 
to  larger  angles  with  increasing  value  of  AJ  (J  is  the  mo¬ 
lecular  rotational  quantum  number).  Most  likely,  the  over¬ 
all  effect  of  the  rotational  transitions  on  viscosity  of  high- 
temperature,  but  weakly  dissociated,  gases  is  not  profound, 
especially  in  gases  of  homonuclear  diatomic  molecules. 
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The  viscosity  coefficient  of  iodine  in  the  temperature  range  500  £  T  5  3000  K  is  calculated.  Because  of 
the  low  dissociation  energy  of  the  L  molecules,  the  dissociation  degree  of  the  gas  increases  quickly  with 
temperature,  and  I  —  L  and  1  I  collisions  must  be  taken  into  account  in  calculations  of  viscosity  at  tem¬ 
peratures  greater  than  1000*.  Several  possible  channels  for  atom-atom  interaction  are  considered,  and  the 
resulting  collision  integrals  are  averaged  over  all  the  important  channels.  It  is  also  shown  that  the  ngid- 
sphere  model  is  inaccurate  in  predictions  of  the  viscosity.  The  approach  of  the  present  work  is  general 
and  can  be  used  for  other  diatomic  gases  wrth  arbitrary  dissociation  degree. 

Look  cx-V  L  '-ikai-  aoes  -\o  LtscosHy  Yv1 

where  k  is  Boltzmann’s  constant  and  a  is  the  panicle  col¬ 
lision  diameter.  The  so-called  collision  integral  fl "  *  is 
a  dimensionless  quantity  that  depends  on  the  temperature 
and  on  the  force  law  (for  the  interparticle  potential! 
through  the  collision  scattering  angle  X-  scattenng 
angle  is  averaged  over  all  possible  initial  impact  velocities 
g  and  all  possible  impact  parameters  b  to  produce  the  col¬ 
lision  integral  which  has  the  following  form  when  inelas¬ 
tic  collisions  are  neglected: 

f  “  y'gxp( —y~}dy  f  (1— cos'Ylbdb  , 

•'ft  *'  ft 


where  y'  —  mg'/dkT.  If  inelastic  collisions  are  taken 
into  account,  the  expression  for  the  viscosity  is  the  same 
as  Eq.  (1).  but  the  collision  integral  for  viscosity  is  more 
complicated  [3]: 

n'-'”” -(2t7)~‘(<7C,„,  2  exp(-£, -e^l 

xf  y^expi~Y~}dy  f  f^^inyfy^l— cos'y)--4-(Ae)‘  — -^(.lEl'sin'T] 

•'  0  *'  0  0  ' 

Xl^l{g,X,6)dxd<b  .  3' 


where  the  internal  partition  function  for  the  target  parti¬ 
cle  is 

G,m= 

1 

and  where  the  internal  quantum  states  of  the  colliding 
particles  are  denoted  by  the  subscripts  i,  j,  k,  /,  and 
£,  =Ei/kT,  with  £,  being  the  energy  of  the  ith  quantum 
state.  A  binary  collision  of  two  particles  initially  in  states 
i  and  j  results  in  scattenng  of  particles  through  the  polar 
angle  x  and  the  azimuthal  angle  6,  with  the  particles  end¬ 
ing  up  in  states  k  and  /,  respectively.  The  differential 
cross  section  for  the  scattering  is  ),  and 

AE  =  £i -t-£/ —£,—£,  =  y  —  7'',  where  the  prime  refers  to 
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the  relative  kinetic  energy  of  the  particles  after  the  col¬ 
lision. 

Since  momentum  is  conserved  in  elastic  as  well  as  in¬ 
elastic  collisions,  both  types  of  interactions  can  contrib¬ 
ute  to  transport  of  momentum  and  hence  viscosity  of  the 
gas.  However,  taking  the  following  discussion  into  ac¬ 
count,  one  can  say  that  the  contribution  of  inelastic  pro¬ 
cesses  can  be  neglected  in  iodine  gas  at  temperatures 
below  3000  K. 

The  three  lowest  electronic  states  of  the  I;  molecule  are 
the  groui.d  state  X'l~,  the  B  ^11^  state,  and  the  D  'if 
state,  with  energies  of  the  excited  states  equal  to  1.95  and 
5.09  eV,  respectively.  The  three  lowest  electronic  states 
of  the  I  atom  are  5p'*Pj/2,  5p^‘P* and  65  with 


INTRODUCnO.N 


Because  a  significant  dissociation  of  iodine  can  be 
achieved  at  low  temperature,  it  is  a  particularly  attractive 
candidate  for  theoretical  and  experimental  studies  of 
chemical  nonequilibrium  in  continuous  flows.  However, 
viscosity  and  other  transport  coefficients  of  iodine  have 
neither  been  measured  nor  calculated.  Therefore,  in  this 
paper,  we  calculate  the  viscosity  of  high-temperature 
(5002  7 <3000  K)  iodine  in  equilibrium  by  considering 
the  fact  that  the  gas  dissociation  degree,  and  subsequent¬ 
ly  the  frequency  of  atom-atom  and  atom-molecule  col¬ 
lisions,  increases  rapidly  with  temperature. 

Viscosity  of  gas  with  particles  of  mass  m  at  tempera¬ 
ture  7  can  be  calculated  as  [1,2] 

5  ivmkT)^'''  ,,, 

- ; — —  >  'll 

'  16  tra-n'--'* 
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the  excitation  energies  of  the  excited  states  equal  to  0.94 
and  6.77  eV.  respectively. 

The  ionization  potential  of  the  I;  molecule  is  9.31  eV, 
which  IS  high  enough  to  maintain  a  low  ionization  degree 
of  the  gas  under  the  conditions  considered  here.  The 
atomic  ionization  can  also  be  neglected  under  these  con¬ 
ditions  because  of  the  relatively  high  atomic  ionization 
potential  1 10.45  eV).  In  addition,  the  relative  number  of 
excited  atomic  and  molecular  ions  in  the  gas  is  very 
small.  A  crude  measure  of  the  ionic  excitation  efficiency 
IS  the  value  of  half  of  the  ground-state  ionization  poten¬ 
tial.  which  IS  relatively  high  in  ions  considered  here:  this 
IS  equal  to  10  eV  [I7(T  '11^ )  1  and  9.55  eV  [I~i 

In  iodine,  the  typical  amount  of  energy  AE,„/k 
transferred  dunng  inelastic  collisions  to  molecular  rota¬ 
tion  and  vibration  is  very  small:  less  than  100  K.  in  case 
of  the  translation-rotation  exchange  and  less  than  300  K 
in  case  of  the  translation-vibration  exchange.  Thus, 
at  higher  temperatures,  the  average  ratio  Ae/y* 
=  2A£,n/£,r  i£,r  is  the  impact  energy)  is  always  distinc¬ 
tively  less  than  1.  Therefore,  the  terms  with  Ae  can  be 
neglected  in  Eq.  (3)  and  one  can  approximate  the 
differential  cross  section  for  inelastic  scattering  7*^  by  the 
cross  section  for  elastic  scattenng  Z,,.  In  addition,  the 
summation  over  internal  states  can  be  carried  out  in¬ 
dependently  from  the  translational  states.  Taking  this 
into  account  and  assuming  that  the  intermolecular  poten¬ 
tial  is  a  central-force  potential,  one  obtains 

o  ---'*  =(7”'  r  *7  e.xpi  -y‘)dy 

•'  0 

X  r  1 1 -cosyY)/,|Sinydv  ,  (5) 

where  L^sinxdx  —  bdb.  The  approximation  (5)  can  be 
venhed  by  investigation  of  the  ratio  of  the  gas  viscosity 
when  inelastic  collisions  are  included  to  the  viscosity 
when  the  inelastic  collisions  are  neglected.  This  ratio  can 
be  given  as  [3] 

'  (’1^1 

1*7T  —  —  ,  (6) 

^=1  :  15  [pr  [  k  J 

where  <  sin'Y  >  is  the  average  value  of  sin'Y,  c,„,  is  the 
internal  heat  capacity  per  molecule,  p  is  the  gas  pressure, 
and  r  is  the  relaxation  time  for  the  energy  transfer  be¬ 
tween  translation  and  internal  states.  When  the  scatter¬ 
ing  IS  isotropic  ( (sin'Y^  the  correction  term  in  Eq. 
(6)  vanishes.  In  other  words,  inelastic  collisions  have  a 
small  effect  on  the  gas  viscosity  if  the  anisotropy  of  the 
scattering  is  not  significant. 

Since  the  degree  of  ionization  in  iodine  at  T  <  3000  K 
is  very  small,  we  neglect  in  what  follows  any  effects 
caused  by  charge  exchange  during  collisions.  [It  is  well 
known  that  resonant  charge  transfer  between  an  ion  and 
a  molecule  (atom)  of  the  parent  gas  can  significantly 
affect  some  transpon  properties  (especially  the  ion 
diffusion  coefficient  and  conductivity  coefficient,  much 
less  gas  viscosity).]  A  similar  remark  applies  to  collisions 
between  identical  atoms  in  different  states  in  which  reso¬ 
nant  transfer  of  a  quantum  of  internal  energy  can  occur. 
We  neglect  the  contribution  of  the  resonant  processes  to 


the  gas  viscosity  because  the  atomic  excitation  in  iodine 
is  inefficient  under  the  conditions  considered  in  this  work. 


VISCOSITY  OF  DISSOCUTLNG  IODINE 


The  viscosity  of  mixture  of  several  components  de¬ 
pends  on  viscosities  of  the  pure  components;  in  the  case 
of  a  gas  being  a  mixture  of  .V  components,  the  gas  viscosi- 


tv  can  be  expressed  as 
[-1-6], 

the  ratio 

of  two 

determinants 

\H„  X, 

'  X,  0 

^lUlx  rr 

!■«„  ^ 

where 

■^11 

^1 

\H„-  X,:  1  : 

•  Hss 

■*v 

18) 

\ 

•  •  Xy 

0 

H^s  \ 

III 

:  ,  , 

(9) 

i^.vi  ••• 

^.v.v  ^ 

and  is  the  mole  fraction  (depending  on  the  gas  dissoci¬ 
ation  degree)  of  the  ^h  component  of  the  mixture.  The 
elements  are  given  by  the  expressions 


H  -ii* 

1  RT 

\  X 

I'-T 

(10) 

p2)„ 


Id-M™  > 


where  M,  is  the  molecular  weight  of  the  ^h  component. 

is  the  viscosity  of  the  pure  gth  component,  ID,,  is  the 
coefficient  of  mutual  diffusion  of  the  components  q  and 
q’,  R  is  the  universal  gas  constant,  and  p  is  the  total  gas 
pressure.  The  units  of  2),,  are  usually  cm" /sec.  Before 
calculating  2),,  one  must  define  R  and  p  in  consistent 
units.  If  p  is  in  atmospheres,  R  must  be  in 
cm^atm/mol'K  (82.056);  if  R  is  taken  as  8.3143X10' 
erg/mol'K,  then  p  must  be  in  dyn/cm*.  The  ratio  .4*,  is 
defined  as  the  ratio  of  the  average  values  of  the  products 


where  cr",  is  the  collision  diameter  for  interaction  of 
species  q  and  q'.  is  given  by  an  expression  similar 

to  Eq.  (3)  except  that  it  now  refers  to  a  collision  between 
two  unlike  molecules  q  and  q'\  is  the  collision  in¬ 

tegral  for  diffusion  isee  below).  The  expression  for  77^,, 
given  by  Eq.  (7)  has  the  same  form  regardless  of  whether 
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molecular  collisions  arc  elastic  or  inelastic  [4],  In  the 
first-order  approximation,  the  corrections  to  ac¬ 
counting  for  inelastic  collisions  are  negligible  and  one  can 
use  calculated  A^  for  elastic  interactions  between  the 
panicles. 

The  viscosity  of  a  binary  mixture  such  as  high- 
temperature  dissociating  iodine  (mixture  of  I  atoms  and 
I-,  molecules)  can  be  obtained  from  Eq.  (7)  as 


Vmix 


xi  XX  1x,x.H^2 

|.  1 

H22  ^^11^22 

‘  ^^11^22 

(13) 


where  the  subscnpts  1  and  2  denote  propenies  of  the  1; 
and  I  components,  respectively, 

Ix^x^RT 


Hu  =  -r- 


pDj-lAf  I  —  Af;  ) 

IXy^X^RT 


TJ,  —  A/;  ) 


1- 


3A/,  A  ^2 
5A/, 


and 


(141 


(15) 


1-- 


E  Aq 
D 


20- 


whcre  D  i equal  to  12  582  cm”' )  is  the  dissociation  energy 
referred  to  the  minimum  of  the  intramolecular  potential, 
and  E  (equal  to  1.799  A”')  is  the  constant  in  the  Morse 
function. 


VIR  }  =  Di\-e 


-»R-R 


'  )•  . 


21) 


which  approximates  the  intramolecular  potential  of  the 
rotationless  molecules. 

The  position  of  the  minimum  of  the  rotational- 
vibrational  intramolecular  potential  is 

/?o  =  ^,-4/*^(y->l)//?/ ,  22 

where  R,  (equal  to  2.667  A)  is  the  molecular  bond  length, 
J  IS  the  rotational  quantum  number. 


/:  = 


“^0 


IfiR'o 


XX  2x,x-,RT 


1-- 


3A/,  A 
5Af, 


7/2 

where 

Z),2  =2. 628X]0~T^''V<‘7!:n‘,V  “•))■' 
A/,-.Af2 


and 


(16) 


X 


1/2 


(17) 


where  is  in  cmVsec,  p  is  in  atm,  and  <7,2  is  in  A. 


VISCOSITY  CONTRIBUTION  OF  Ij  +  Ij  COLUSIONS 

We  assume  in  this  section  that  the  I2  +  I:  interactions 
are  governed  by  a  single  force  law  specified  by  the 
Lennard-Jones  (12-6)  potential. 


Uu(r)  =  Az 


1 

cr 

12 

6 

1 

r 

(18) 


where  z  is  the  potential  well  depth  and  a  is  the  inter- 
molecular  distarice,  other  than  infinity,  at  which  the  po¬ 
tential  vanishes. 

The  potential  parameters  e  and  a  for  collision  systems 
involving  atoms  and  molecules  are  denoted  by  subscnpts 
mm  (molecule-molecule  interaction),  aa  (atom-atom  in¬ 
teraction),  and  am  (atom-molecule  interaction);  for  exam¬ 
ple,  Zg„  means  the  potential  well  depth  for  the  I  U  in¬ 
teraction. 

The  collision  diameter  for  interaction  of  two  identical 
diatomic  molecules  can  be  given  as  [7] 


a„„=t{R)^c 


(19) 


£  =  hc[&),(f  -(-  4- )  — £ii,x,(r  T  BfJU  1 


(25t 


-D,jhj~\)-] , 

where  £  is  the  rotational-vibrational  energy  of  molecule 
excited  to  the  vjth  vibrational-rotational  level  and 
where  the  other  constants  have  their  usual  meaning. 

Hirschfelder  and^  Eliason  suggested  [7]  that  c  m  Eq. 
(19)  IS  equal  to  1.8  A.  However,  a  comparison  of  collision 
diameters  obtained  ^rom  Eq.  (19)  with  corresponding 
measured  values  [10,1 1]  for  vanous  collision  systems  sug¬ 
gests  that  a  more  accurate  value  is  c  =  1.6  A.  which  is 
consistent  with  the  conclusions  of  Pauling  [12].  Using 
c  =  1.6  A  and  {R  >=£,  one  obtains  from  Eq.  (19'  that 
(7„„=5.!56  A  when  the  colliding  molecules  are  in  the 
ground  rotational-vibrational-electronic  states. 

One  finds  from  Eq.  (56)  that  the  mean  radius  [13]  of  the 
iodine  atom  in  the  ground  electronic  state  is  <  )  =  1.324 

A.  This  value  is  close  to  that  obtained  from  the  relation¬ 
ship  )=£,/2  suggested  by  Hirschfelder  and  Eliason 
[7]  for  diatomic  homonuclear  molecules  in  the  ground 
electronic  state.  Consequently,  using  c  =  1.6  A  and 
(73)  =  1.324  A  one  obtains  from  Eq.  (19)  that 
<^.-,=5.13  A. 

The  intermolecular  potential  function  for  interaction  of 
diatomic  molecules  can  be  obtained  from  the  Slater- 
Kirk  wood  theory  [14],  According  to  the  onginal  formu¬ 
lation  of  the  theory,  the  parameters  of  the  LJ  potential 
for  interaction  of  a  particle  t  and  a  particle  j  are  [14.15] 

'26) 


41  r, 


where  c  is  a  constant  and  (R  )  is  the  mean  intemuclear 
distance  (a  function  of  the  rotational  and  vibrational 
quantum  numbers)  in  the  molecules  [8,9], 


where 


3e47a,a^ 


Im 


'/2r 


[(a,  /.V, )  ‘*(0,  /.V. ) 


1/21 


(27) 
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and  where  e  is  the  electronic  charge,  m,  is  the  electronic 
mass,  r  is  the  van  der  Waals  radius  of  the  ith  panicle,  a, 
IS  the  polanzability  of  the  ith  particle,  and  .V,  is  the  num¬ 
ber  of  the  valence-shell  electrons  in  the  ith  panicle.  A 
study  [16]  of  intermolecular  forces  in  a  number  of  sys¬ 
tems  uncluding  the  halogen  system  C1-  — CU)  showed 
that  more  accurate  potential  parameters  are  obtained 
when  using  the  so-called  “modified"  Slater- Kirkwood 
method.  In  the  latter  approach  the  potential  well  depth 
is  obtained  by  multiplying  the  value  obtained  from  the 
original  formula  (26)  by  a  factor  0^  that  depends  on  the 
product  .V,a^.  In  the  case  of  the  interaction 

.V, a:*  =  5306  a’  t.V,  =5  and  a,  =  10. 2  A^),  which  gives 

^,=2.2 

The  van  der  Waals  radius  r,  for  the  I,  molecule  is  ob¬ 
tained  by  assuming  that  lr^/2r[-sicr„„/a^,  where  r/  is 
the  van  der  Waals  radius  for  the  I  atom  [15,17]  and  the 
collision  diameter  for  two  iodine  atoms  is  given  by 
Eq.  (55).  Consequently,  one  obtains  from  Eq.  (26)  that 
£^m/^=557K. 

The  values  of  the  collision  diameter  C7,„„=5. 156  A 
and  the  potential  well  depth  /k  =557  K  obtained 
from  the  “modified”  Slater- Kirkwood  theory  agree  well 
with  the  corresponding  values  obtained  from  viscosity 
measurements  [2],  =4.982  A  and  e„„//c=550  K. 

The  latter  values  of  the  potential  parameters  are  assumed 
in  the  present  work  for  interaction  of  two  iodine  mole¬ 
cules  in  the  ground  electronic  states. 

Using  the  potential  (18),  it  is  possible  to  derive  an  ex¬ 
pression  [18]  for  the  reduced  collision  cross  sections 


S'‘HK)  =  S  2 


1~(  -1)^ 
l^l 


1  —  cos'^’v)6d6  , 


where  K  is  the  impact  kinetic  energy  in  units  of  e.  and  6 
IS  the  collision  impact  parameter  m  units  of  a.  Subse¬ 
quently,  the  collision  integrals  of  Chapman  and 

Cowling  [1]  are  obtained  from 


where 

f  , 

t  '  1  -i-  I  —  1  '' 

)=  J.  !2--! - — ^ 

8i  1-/  J 

X  rsxp[-xK)K’~'S'‘\K)dK  .  i30) 

•'o 

with  X  =z/kT.  The  analytic  fits  to  the  function  (x) 
are  given  in  the  Appendix. 

The  collision  integrals  of  rigid  spheres  with  collision 
diameter  a  are 


(n"-”)»c=  (7-(s-i)! 


[l~2/-(  -D' 
[4(1*/)] 


and  the  dimensionless  collision  integrals  are 

defined  as 

“ -  ,32) 

(fi' 

The  viscosity  rj  of  a  pure  component  can  now  be  written 
in  the  form 

f  1 

5  ukT  K(x) 


8<7*  2:r  I  H^'--'(x)  ' 


where  K(x)  is  a  slowly  varying  function  of  x. 


K(x)  = 


(/ljj/l-2  ^  12  ^  ^^11^ '2  ^33"^  2/^  12^  13^23  ~  ^  23^  1 1  ”  ^  13^^"’  ^  | 


(34) 

(35) 


and 

/,,,=4H''---’(x)  .  (36) 

6,2=7H''---'(x)-21f''--^’(x)  ,  (37) 

6,,=(m)iy'-:'(x)-7If''--^^(x)+ir'^'‘‘’(x)  ,  (38) 

h,3=(«  )If''---’(x)-(T'»''^-^’(x)-(-(i)iy'-‘‘'(x)  ,  (39) 

6  =  ( 14^ )  2-2'(  X )  -  ( )  IT' ^-^Hx ) 

J4  lO 

-^(f  )iy'--‘‘'(x)-(l)If''^'’’(x)  ,  (40) 


6,3=(4yi)IF'--^>(x)-(i^)»''^-^’(x)  +  (^)H''--‘'(x) 
-(2)H''--^’(x)-^(2.)H''^-‘’'(x)  +  (f)H"'*-*’(x)  . 

9  1 9  4 

(41) 


VISCOSITY  CONTRIBUTION  OF  I-f-I  COLLISIONS 

Atoms  of  partially  dissociated  gases  interact  according 
to  multiple  force  laws,  each  law  corresponding  to  a 
different  alignment  of  the  electronic  spins  dunng  the 
atom-atom  interaction.  In  principle,  the  Chapman- 
Enskog  kinetic-theory  problem  should  be  solved  when 
the  multiple  force  interactions  are  included.  It  was 
shown  by  Mason.  Vanderslice,  and  Yos  [19]  that  the  for¬ 
mula  (1)  retains  its  onginal  form  (and  is  valid  for  all  de¬ 
grees  of  the  Chapman-Enskog  approximation  for  mix¬ 
tures  of  any  complexity)  in  such  a  case,  but  each  collision 
integral  must  be  replaced  by  a  statistical  average  over  the 
different  possible  force  laws.  In  other  words,  for  a  given 
pair  of  colliding  atoms,  the  following  replacement  is 
necessary  in  Eq.  (1): 
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( (J.-0  '  '  •• )  =  2  p  ^-o  • "  _  (42 1 


where  a  and  are  the  collision  diameter  and  the 

collision  integral,  respectively,  for  the  ;th  force  law.  and 
p,  IS  the  probability  that  the  colliding  atoms  will  follow 
the  ith  potential  curve.  This  probability  is  obtained  as 
the  ratio  of  the  degeneracy  of  the  molecular  electronic 
state  corresponding  to  the  ith  potential  curve  to  the  sum 
of  the  degeneracies  of  all  molecular  states  that  can  result 
from  interaction  lalong  different  potential  curves)  of  these 
two  atoms.  The  possible  potential  curves  for  the  interac¬ 
tion  of  two  atoms  in  particular  electronic  states  c^n  be 
determined  from  the  Wigner-Witmer  rules.  The  two 
lowest  electronic  states  in  iodine  atoms  are  (the 

ground  state)  and  5p'‘P"  ,,.  According  to  the^W-igner- 
Witmer  rules,  an  interaction  of  two  'P  atoms  can  lead  to 
the  following  molecular  states:  'IT,  'If.  'fly,  ‘n„, 

^If ,  'If,  -TIj,  and  The  potential  curves  for 
the  possible  molecular  states  for  ''Pin~''P'}r.’ 
‘P5,_ —  and  'P\/z^'P\r.  atom-atom  interactions 
were  given  by  Mulliken  [20].)  The  excitation  energies  of 
the  first  (5p' and  the  second  5p'6s  *P^/2^  excited 
atomic  states  are  0.94  and  6.77  eV.  respectively.  Thus,  in 
the  range  of  temperatures  considered  here,  one  can  as¬ 
sume  that  most  of  the  atoms  are  in  the  ground  state,  and 
the  dominant  atom-atom  interactions  are  those  between 
atoms  in  the  ground  I'/’j/;)  electronic  states.  Therefore, 
we  take  into  account  in  averaging  42)  only  the  interac¬ 
tions  between  two  ground-state  iodine  atoms.  The  corre¬ 
sponding  potentials  (a  total  of  ten:  see  Fig.  1  in  Ref.  [20]) 
represent  the  molecular  states  that  dissociate  into  two 
'P\ iodine  atoms. 

When  the  atom-atom  potentials  have  a  minimum 
(three  curves  out  of  the  ten  Mulliken's  potentials  men¬ 
tioned  above),  the  collision  integrals  of  interactions 
are  calculated  (fitting  first  the  panicular  I  — I  potential 
curve  to  a  Lennard-Jones  curve)  in  the  same  way  as  the 
collision  integrals  for  I-  —  I,  interactions. 

In  the  cases  of  the  atom-atom  interactions  following  a 
repulsive  potential, 

c. 

C',lr)  =  —  (43) 


( r  is  an  interatomic  distance,  and  c,  and  r,  are  constants), 
the  collision  integrals  are  [7] 


rrkT 

1/:  ( 

l.C, 

(Tf 

2/', 


/4'''T[5-2-(2/r,)] 


(44) 


where  p.  is  the  reduced  mass  of  the  collision  system. 

/!'''=/  {\—cos‘x)0d0, 

•'o 


(45) 


TABLE  I.  The  integrals  A  and  .-1  '  given  m  Eq  -*5  Tor 
several  values  of  the  exponent  :  ofEq.  43; 


r 

A  ' 

.-t  ■ 

■> 

0.39' 

0.52' 

3 

0.311 

0.353 

4 

0.298 

0.308 

6 

0.306 

0.283 

8 

0.321 

0.2’9 

10 

0.333 

0.278 

12 

0.346 

0.2'9 

14 

0.356 

o 

oo 
r  1 

d 

QC 

0.500 

0.333 

tween  x  and  0  can  be  obtained  from  the  equation  of 
binary  collision  trajectory  [2 1  j 

'  'll’ 

if  '  -  1  .  - 

1  ‘  1 

Xi0)  =  r~2  f 

0 

j  d:  .  47) 

where  the  upper  limit  of  the  integral  is  the  smallest  posi¬ 
tive  root  of  the  expression  in  the  brackets. 

For  the  repulsive  potentials,  it  has  been  shown  [22.23] 
that  only  the  region  of  potential  energy  near  U,ir>^kT  n 
impcnant  in  calculating  transport  coefficients  at  the  tem¬ 
perature  T.  Furthermore,  Hirschfelder  and  Eliason  [7] 
made  a  conceivable  supposition  that  the  separation  be¬ 
tween  two  atoms  r  IS  related  to  the  effective  collision  di¬ 
ameter  a  in  such  a  way  that  the  average  kinetic  energy 
kT  is  comparable  to  the  potential  energy  I/,  ( a  ).  By  using 
that  supposition,  the  adjusted  values  of  c  and  c7*n  ‘  '  are 
derived.  In  order  to  express  the  ngid-sphere  collision  di¬ 
ameter  in  terms  of  constants  c,  and  t, ,  the  collision  in¬ 
tegral  (44)  is  equated  to  the  collision  integral  (31),  which 
gives 


,  A'‘'M\^l){t,c./kT)  Tis-2-(2/r  )) 

a*= - ^ ^ —  .  (48) 

(5  +  1)![1-2/-(  -1)'] 


If  this  cr  IS  substituted  into  Eq.  (43),  the  constant  c  of 
repulsive  potential  cancels  out.  and 


U,(a 


hi 


(j-l)!fl~2/-(-/)') 

4(l-/)^‘''r(s-2-(2/f,)) 


>49) 


where  t,  can  be  obtained  from 

dC’,{r} 

U,{r)  dr 

[tq  is  the  distance  between  the  two  atoms  when 
UAr)  =  kT}.  Because  the  coefficient  of  viscosity  is 
defined  in  terms  of  fl'*  *'*,  Eq.  (49)  can  be  rewritten, 
since  5  =  /  =  2,  as 


and 


0  = 


mL 

2t.c, 


(46) 


The  values  of  the  integrals  A'‘'  are  finite  for  all  values  of 
t,  greater  than  1  (see  Table  I),  and  the  relationship  be- 


where 


6 


vise 


• 


(51) 
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Summarizing  the  above,  one  can  say  that  the  first  step 
to  determine  the  adjusted  values  of  a  from  the  panicular 
repulsive  potential  curve  is  computing  the  effective  value 
of  •,  After  that,  the  appropnate  value  of  is  calculat¬ 
ed.  and  fc'v.K  IS  substituted  into  Eq.  (51)  to  determine 
C  a  The  corresponding  value  of  cr.  obtained  from  the 
potential  curve,  is  the  effective  ladjusted)  value  of  the  col¬ 
lision  diameter.  Since  the  collision  integral  fl"  ''*  of  the 
hard  sphere  is  equal  to  1.  the  value  of  *  of  the 

repulsive  potentials  is  equal  to  cr*. 

Procedures  of  calculating  cr,  and  H;' '  *  are  applied  to 
each  potential  curve  of  I  — I  interactions,  and  the  contn- 
bution  to  the  gas  viscosity  coming  from  I  — I  interactions 
IS  obtained  from 

77= — ^ - ^ ^ -  ,  (53) 

Id  -cr-2;7..c7-n;-^  * 

where  the  sum  is  taken  over  all  I  — I  potential  curves  tak¬ 
en  into  consideration. 


VISCOSITY  CONTRIBLTIO.N  OF  I -(-I,  COLLISIONS 


The  usual  mixture  rule  for  evaluation  of  the  collision 
diameter  for  unlike  particles  in  terms  of  the  diameters  for 
like  particles  is 


y;  .  '54) 

where  the  collision  diameter  for  interaction  of  two 
ground-state  iodine  atoms  can  be  given  as  ['1 

=  (55) 

w  here  c  =  1 . 6  .4  and  <  ^ 's  the  mean  radius  of  the  atoms 

participating  in  the  collision. 

'  Tj  7  =  J  rj  d'  ‘dr.  .  (56) 

The  wave  function  4/  is  given  by  a  senes  e.xpansicn  on  the 
basis-set  Slater  orbitals  ;24,25]  (with  constants  C  ..t  ), 


'57) 


where  n..  /.  and  rr  ire  the  quantum  numbers  of  the 
outer-shell  electron,  .,(9^,9^)  is  a  normalized  sphencal 
harmonic,  and  the  ru-ial  part  of  the  wave  function  is 


f?,,(r,'  =  [(2n,)!]-‘^-(2;, 


■1/2  '7  -I 

expi  -5,r,  i58) 


Assuming  that  )  =  1.324  A  and  c  =  1.6  A.  one  finds 
from  Eq.  (55)  that  (Tja  =  4. 248  A;  this  value  differs  from 
the  value  of  crxe.xe~T388  A,  which  is  sometimes  as¬ 
sumed  "10.11]  for  the  I  — I  interaction  because  .xenon  is 
iodine's  neighbor  in  the  Penodic  Table. 

The  collision  diameter  for  the  atom-molecule  interac¬ 
tion.  when  the  atom  and  the  molecule  are  in  the  electron¬ 
ic  ground  states,  can  now  be  obtained  from  the  expres¬ 
sions  1 19'.  '541,  and  i55i  as 


=  c~(  r,)~l(R)  n  , 


(59) 


so  that  <7j„  =4.702  A  if  the  molecule  is  in  the  gr'^und 


rotationaJ-vibrationai  state. 

Using  the  radical  molecule  complex  R.MC  mechaniim 
,26.27],  Blake  and  Burns  calculated  ]28]  the  potential  pa¬ 
rameters  for  lodine-atom- iodine-molecule  inieraction. 
Their  result  for  the  potential  well  depth  for  the  hard- 
sphere  interaction  between  I  and  U  was  k  =30c'^  K.. 
while  for  the  Sutherland  interaction  k  =2"6'  K  the 
latter  value  was  recommended  for  the  well  depth  for  the 
interactioni.  Similar  values.  29b8  and  2boo  K.  re¬ 
spectively ,  were  obtained  by  Thompson  ]29;  from  the 
Monte  Carlo  quasiclassical  trajectory  calculations  and  by- 
Bunker  and  Davidson  ’301  from  thermodynamic  con¬ 
siderations;  these  values  are  in  agreement  with  the  con¬ 
clusions  of  Porter  ]31].  The  geometneal  average  of  the 
potential  well  depths  obtained  by  Th-mpson  and  by 
Bunker  and  David.ion  gives  ,  k  =2813  K. 

The  I""!;  interaction  can  have  some  channels  for  ex¬ 
ample.  atomic  e.xchange  .29;)  that  may  have  some  impor¬ 
tance  when  viscosity  of  iodine  is  considered.  Unfor¬ 
tunately,  the  efficiency  of  these  channels  is  not  accurately 
known  [32-34].  However,  the  studies  of  Blake  and 
Bums  [28]  and  of  Thompson  [29]  have  suggested  that  the 
Lennard-Jones  potential  with  parameters  discussed  above 
is  an  acceptable  approximation  of  the  overall  forces  dom¬ 
inating  the  I  — U  interaction,  even  though  it  ignores  such 
effects  as.  for  example,  the  quadrupole-quadrupole  r'- 
term  in  the  interaction.  Keeping  this  in  mind,  we  use  in 
this  work  the  Lennard-Jones  potential  with  =4, ''02 
A  and  ta„  /k  --liOO  K  as  an  acceptable  representation  of 
the  overall  forces  dominating  the  interaction. 


DISSOCUTION  DEGREE 
IN  LOCAL  THERMAL  EQUILIBRIUM 


The  law  of  mass  action  for  a  gas  of  homogeneous  dia¬ 
tomic  molecules  leads  to  [35] 


y 

l-y 


m  Qj 


expi  -0^ /T)  , 


bO) 


where  0^  =D,)/k  is  the  dissociation  energy,  m  is  the 
mass  of  the  atoms  forming  the  molecules,  p  and  fare  the 
mass  density  and  volume  of  the  gas.  respectively,  and  the 
dissociation  degree  y  =  /.V,  .V  =  .V^  —  2.V.„  i  and 

are  numbers  of  free  atoms  and  free  molecules  in  the  gas. 
respectively)  is  a  constant  number  of  atoms,  both  free  and 
those  bound  in  the  molecules,  available  in  the  gas 
with  ongoing  dissociation.  Here,  Q^—Q^Ql  and 
Qm  ~  Qm  Qm  Qm  Qm  total  partition  functions  of  atomic 
and  molecular  components  of  the  gas,  respectively',  with 
the  supersenpts  t,  r.  u.  and  e  referring  to  translational,  ro¬ 
tational.  vibrational,  and  electronic  freedom  degrees  of 
the  species,  respectively.  The  last  relationship  is  valid  if 
all  four  kinds  of  energies  are  independent  of  one  another; 
such  an  assumption  is  well  justified  in  iodine  at  T  <  3(X)0 
K.  Here  Q;=2^'-Qj,  Q-  =  y(2::mkT/k‘^'^'‘.  the  rota¬ 
tional  partition  function  Q'„  =  T /1@.  ‘Q.=hcB^.  k  i, 
and  the  vibrational  panition  function 
2m~[l—Mp(“©  T  [~  ,  where  @  =hcD,/k: 
2a  ==ga.o^g«.iexpi ./kD  and 
— ,exp(  kT  .  where  ■  and  £„  ,  are  the  exci- 
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lation  energies  of  the  first  excited  eiectrornc  states  in 
iodine  atom  and  molecule,  respectively  Using  the  above 
and  assuming  that  the  relationship  ;’U  =  '.V,  -  )k.T 
valid,  the  expression  i60)  can  be  written  as 


1-v 


=  C 


or 


V  =  ■ 


C'v  1-4/C 


1611 


where 


C  =  n  expi  ~©jy  /T  i 


X  0,r''-!l-expi -0 


L 


h- 


162 


with  n  =  .\' /V,  where  Vis  the  volume  of  the  gas. 


RESULTS  AND  DISCUSSION 


The  viscosity  coefficient  of  dissociating  iodine  in  local 
thermal  equilibnum  was  calculated  in  a  broad  range  of 
temperature,  and  the  results  are  shown  in  Fig.  1.  (The 
approach  of  this  work  can  also  be  used  to  predict  viscosi¬ 
ty  of  the  gas  in  thermal  nonequilibnum  if  the  dependence 
of  the  dissociation  degree  on  the  gas  parameters  is 
known.)  At  low  temperature,  the  dissociation  degree  is 
low,  and  collisions  involving  atoms  have  no  impact  on 
the  viscosity  of  the  gas.  As  the  temperature  of  the  gas  in¬ 
creases,  the  collisions  involving  atoms  become  important, 
and  at  temperatures  greater  than  about  1000  K,  these 
collisions  start  to  dominate  the  transport  properties  of 
iodine.  The  decrease  of  the  viscosity  of  iodine  (see  Fig.  1) 
at  temperatures  about  1  (XX) -2000  K  is  caused  by  a  rapid 
increase  of  dissociation  and.  subsequently,  a  rapid  in¬ 
crease  of  the  I  U  and  I  -r  I  collision  frequencies  at  those 
temperatures.  The  potential  well  depths  e  for  the  I-rl, 
and  I  —  I  interactions  are  much  larger  than  the  well  depth 
for  the  I;  -r  I,  colbsions  which  are  dominant  at  lower  tem¬ 
peratures.  It  was  shown  [36]  that  the  viscosity  of  gas 
consisting  of  panicles  interacting  according  to  a  potential 
charactenzed  by  well  depth  e  and  collision  diameter  a 
can  be  given  as 


Therefore,  at  temperatures  1000  -  2000  K,  the  increase  of 
the  viscosity  resulting  from  the  increase  in  temperature 
competes  with  the  decrease  of  the  viscosity,  resulting,  as 
indicated  by  the  relationship  (63),  from  the  signif  '^tnt  in¬ 
crease  in  the  potential  well  depth  of  the  I  — U  and  I 1  in¬ 
teractions.  .As  the  temperature  of  the  gas  continues  to  in¬ 
crease,  the  gas  becomes  highly  dissociated,  and  I-bl  col¬ 
lisions  dominate  the  kinetic  propenies  of  the  gas.  The 


gas  viscosity  then  increases  monotonically  with  tempera¬ 
ture.  as  expected  foi  gas  containing  only  one  kind  of  par¬ 
ticle. 

A  numencal  analysis  shows  that  the  contribution  of 
the  rotational-vibrational  excitation  of  molecules  to  the 
viscosity  of  iodine  in  local  thermal  equilibnum  is  very 
small.  (This  contribution  depends  on  the  collision  diame¬ 
ters  which  in  turn  depend  on  the  mean  mtemuclear  dis¬ 
tances  of  the  rotationally  and  vibrationally  excited  1- 
molecules.)  This  is  because  in  most  cases  the  degree  of 
dissdfciation  of  iodine  in  local  thermal  equilibnum  is  high 
when  the  gas  temperature  is  clos'  'to  or  higher  than  1500 
K.  Therefore,  the  impact  of  the  rotational-vibrational  ex¬ 
citation  of  molecules  on  the  gas  viscosity  would  be  mean¬ 
ingful  only  at  temperatures  less  than  about  1500  K. 
However,  at  these  temperatures  the  contribution  oi  the 
rotational-vibrational  excitation  of  iodine  to  the  gas 
viscosity  IS  negligible. 


2.o«io-^  - 


Temperature  (K) 


FIG.  1.  The  viscosity  of  iodine  as  function  of  gas  tempera¬ 
ture.  Solid  and  dashed  line  represent  viscosities  of  pure  atomic 
(fully  dissociated)  and  pure  diatomic  (undissociated)  iodine,  re¬ 
spectively.  The  dash-dotted  curves  represent  the  viscosities  of 
iodine  of  particle  density  n  when  atom-atom  (I —  I),  atom- 
molecule  (I-t-Ii),  and  molecule-molecule  (Ii-^Ui  co'lisions  are 
taken  into  account;  thr  dissociation  degree  of  the  gas  is  taken  as 
that  of  the  gas  in  the  local  thermal  equilibnum.  (n  =  n,  ~2n„. 
where  n,  and  n„  are  particle  densities  of  free  atoms  and  free 
molecules,  respectively.)  The  circles  and  crosses  denote  the 
values  of  viscosity  of  fully  dissociated  and  undissociated  iodine, 
respectively,  as  predicted  by  the  ngid-sphere  model. 
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A  quick  estimate  of  the  role  of  the  rotational- 
vibrational  ejicitation  of  molecules  to  the  viscosity  of 
iodine  can  be  made  by  use  of  a  simple  approximate  ex¬ 
pression  for  the  mean  intemuclear  distance  (R)  m  i 
••typical"  (that  is.  representing  majonty  of  the  gas  mole¬ 
cules)  molecule  in  iodine  of  temperature  T.  Such  an  ex¬ 
pression  can  be  obtained  in  the  following  way.  In  local 
thermal  equilibrium  the  ratio  of  the  population  of  the 
first  excited  vibrational  level  ( u  =•  1 )  to  the  population  of 
the  vibrational  ground  state  ii;=0)  is  equal  to  0.36  (at 
r  =  3(X)  K),  0.T4  at  T=  1000  K.i,  and  equal  to  about  1  (at 
T  ~  1500  Kl.  Thus,  the  majority  of  molecules  in  iodine  at 
rs  1500  K  IS  m  the  i;=0  and  1  vibrational  states. 
Therefore,  the  vibrational  quantum  number  of  the  typical 
molecule  in  such  gas  is  a  weak  function  of  temperature  T. 
Consequently,  it  is  reasonable  to  assume,  when  calculat¬ 
ing  the  rotational-vibrational  energy  £  in  the  relationship 
(20),  that  the  vibrational  quantum  number  of  the  typical 


molecule  is  =  1  ■ 


(The  choice  of  t-’^  =  1  over  0^=0 


makes  the  contribution  of  the  vibrational  excitation  to 
the  gas  viscosity  slightly  greater  than  it  is  in  reality.) 

The  rotational  quantum  number  of  the  typical  T  mole¬ 
cule  can  be  taken  as  the  most  probable  rotational  quan¬ 
tum  number  7^  in  the  gas  in  the  local  thermal  equilibnum 
at  temperature  T.  The  value  can  be  obtained  from  the 
LTE  distribution  of  the  rotational  levels  after  approxima¬ 
tion  of  the  distribution  by  a  continuous  function  of  J\ 
such  a  procedure  is  justified  because  the  rotational  levels 
in  iodine  are  closely  spaced.  Then,  the  most  probable  ro¬ 
tational  quantum  number  7^  is  an  integer  nearest  to 


I  kT 
^  \  IBM 


11/: 


kT 

IBM 


ii/: 


(64) 


where  B^  is  the  rotational  spectroscopic  constant;  one 
can  see  from  Eq.  (64)  that  the  T  dependence  of  the  rota¬ 
tional  quantum  number  7^  is  stronger  than  the  T  depen¬ 
dence  of  the  vibrational  quantum  number  v^. 

Using  y,  =  1  and  7^  given  by  the  relationship  (64),  one 
obtains  rrom  Eqs.  '24)  and  (25)  that 

E-Ao_  6cu,-x,  kT  [j 

D  I  Ihcu,  I 

where  we  neglected  the  higher  terms  in  the  expression 
'25),  used  the  fact  that  7^(7^ -i- 1 )  =  7^*,  and  used  the  ex¬ 
pressions 

hco)' 

D  =  - - ^  (66) 

4<y,x, 


and 


ft 


(67) 


The  Ini  1  —x  )  in  Eq.  i20)  can  be  expanded  into  a  senes: 

JB 

ln(l-x)=—  ^.t^/nss— .t  ,  i68) 

n  *  1 


because  x  E  —  Aq)  /  D  is  much  less  than  unity  at  tem¬ 
peratures  less  than  about  1500  K.  Consequently,  Eq.  22) 
gives  the  following  expression  acceptable  at  temperatures 
less  than  about  1500  K: 


hcRM^\ 


!69) 


where  we  used  the  fact  that  1  — ‘  31, /£g )*  «4/7?£,.  In 
the  case  of  iodine  one  obtains  from  Eq.  (69) 

-^^  =  1^1.62X10~‘7  ,  (70) 

R, 


where  T  is  in  degrees  Kelvin.  This  linear  dependence  be¬ 
comes  a  crude  estimate  when  the  gas  temperature  is  close 
or  greater  than  about  1500  K.  Then  the  dependence  of 
{R  )/£,  on  temperature  is  much  stronger,  but  is  still  not 
strong  enough  to  affect  the  viscosity  of  iodine 
significantly  [37].  .At  temperatures  higher  than  25(X)  K 
the  relationship  (70)  is  invalid.  In  such  a  case  the  ratio 
(R)/Rf  depans  substantially  from  unity  [8,9,3"’,  but 
this  fact  is  practically  meaningless  because  the  number  of 
diatomic  molecules  in  iodine  is  insignificant  at  the  higher 
temperatures. 

We  also  show  in  Fig.  1  the  viscosities  tjq  of  pure  dia¬ 
tomic  (no  I  atoms  are  present)  and  pure  atomic  mo  T 
molecules  are  present)  iodine  calculated  from  the  ngid- 
sphere  model,  where 


Vo  = 


5  irrmkT^''- 
16  ira' 


(71) 


Summarizing  the  results  of  the  present  work,  one  can 
say  that  in  high-temperature  (  S  1000  K)  iodine  (li  disso¬ 
ciation  processes  should  not  be  ignored  in  calculations  of 
viscosity,  (2)  the  viscosity  of  atomic  iodine  is  greater  than 
the  viscosity  of  molecular  (diatomic)  iodine,  and  (3)  the 
ngid-sphere  model  is  inappropnate  for  calculations  of  the 
gas  viscosity. 

One  should  add  that  the  decrease  of  viscosity  with  tem¬ 
perature  takes  place,  to  a  different  degree,  in  most  disso¬ 
ciating  gases.  However,  in  most  cases  it  happens  at  tem¬ 
peratures  well  above  3000  K. 
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APPENDIX 

The  analytic  fits  to  the  integrals  IV' '"‘'{x)  [Eq.  (30)]  are 
tf'"''f.T)  =  ft^[2.  Ill  14x:  1.433  29(x  -'-0.439)"--’-!- 566.494  )x -^3.675)-= 

-0.020  77  e.xpi  -0.8093X  ) -0.2159 exp(  - 0. 5 867x  )  1-0.003  726e.xp(  -0.2552x  )]  . 
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H^“'*'(;c)  =  :^j:^[6.006  19;t  "^  ”--3.583  23(Jt  -0.439r^  -~2903.85(x  -3.675)’'’ 

-0.016  81  exp(  -0.8144x)-0.012 67 cxpl -0.6089x1-0.000 9506 expi  -0.2895x  )]  . 
»''‘-^'(x)  =  ix*[23.0938x  **- -  12.5413(x  -rO.439'’*  ’-  17 789(x  -r3.675)’’ 

-0.013  69  exp(  -0.8196x  )-0. 000 2752 exp( -0.3239x  ) -0.007  7 Uexp( -0.631  lx  )]  , 
Jf''---'(x)  =  |x *[6.881  55x’^  *---2.894  88(x  -0. 19)’^  *’'-^ 7.332  42(x  *0.677  42)’^  “^ 

-6600791X  -6.7461 0.039  50exp(  -0.9274x  ) 

-0.037  32exp(  -0.8291x  )-i-0.038  88cxp(  -0.6161x  )-0.009  625  exp(  -0.221  lx  )]  . 
f^ri:.3){x)  =  ix5[26.528x  ’*  ”’^9.295 46(x  *0. 19)’'‘-^"-r24.2190(x  +0.677  42)’* 

- 4627  1 50(  X  -  6. 746 1 ) ’ *  °'  -r  0. 036  63  exp(  -0. 9349x ) 

- 0. 030  94  exp(  - 0. 83 1 4x  )  * 0. 023  95  exp(  - 0. 6232x )  - 0. 002  1 28  exp(  - 0. 2489x  )  ]  , 
jy,:.*)(x)  =  |x‘[128.795x’^  *’*-39 J432(x+0.19)’-  -‘'--104.214(x +0.677  42)’”°’ 

-  37  063  500( X  - 6. 746 1 ) ’’  °'  +  0. 034  25  cxp(  - 0. 9425x  ) 

-0.025  73exp(  -0.8336x  )+0.014  93exp(  -0.6303x  )-0.000  5298exp(  -0.2767x  )]  , 
»''--’'(x)  =  ix''[754.095x  ’*  *”-203.975(x  *0. 19 ) -^552. 647(x  +0.677  42)’'’  ’°’ 

-333  942  0C0(x  -6.7461 )’ '°  °’ *0.032  28 exp(  -0.9501x  ) 

-  0. 02 1  45  exp(  -  0. 83  59x )  -  0. 009  408  exp(  -  0. 6374x  )  -  0. 000  1 466  exp(  -  0. 3045x  )  ]  , 
»''--*'(x)  =  ix*[5169.32x’' *”*1266. 89(x +0.19)’’’" -r 3483. 33(x +0.677 42)’'  ’°’ 

- 3342  750 000( X  +6. 746 1 )’  "  O'  -0.030 67  exp(  - 0. 9576x  ) 

+0.017  93  exp(  - 0. 838  lx  )+ 0. 005  997  exp(  - 0. 6446x  ) - 0. 000  044  63  exp(  - 0. 3323x  )  ]  , 
lf"**’(x)  =  jx*[  132. 154x’’*'’-r  29. 9505(x +0.1350)’’’*  175. 386(x+0. 495  93)’”'’" 

-737  383  OOOOOOlx  +  7.5377)’‘’  ’-0.091  63exp(  -1.0424x  ) 

- 0.002  420  exp(  -0.9133x  )- 0.001  657exp(  -0.4796x  ) 

-0.003  243exp(  -0.4646x  )- 0.016  29  cxp(  -0.6493x  ) -0.008  924  exp(  -0.8070x  )]  . 


[1]  S.  Chapman  and  T.  G.  Cowling,  The  Mathematical  Theory 
of  Non-Uniform  Gases  (Cambridge  University,  New  York, 
1952). 

[2]  J.  O.  Hirschfelder,  C.  F.  Curtiss,  and  R.  B.  Bird,  Molecu¬ 
lar  Theory  of  Gases  and  Liquids  (Wiley,  New  York,  1964). 

[3]  E.  A.  Mason,  in  Kinetic  Processes  in  Gases  and  Plasmas. 
edited  by  A.  R.  Hochsum  (Academic,  New  York,  1969),  p. 
60. 

[4]  L.  Monchick,  K.  S.  Yun.  and  E.  A.  Mason,  J.  Chem.  Phvs. 
39,654(1963). 

[5]  S.  C.  Saxena  and  R.  K.  Joshi,  Physica  29,  870  (1963). 

[6]  T.  S.  Storvick  and  E.  A.  .Mason,  J.  Chem.  Phys.  45,  3752 
(1966). 

[7]  J.  O.  Hirschfelder  and  M.  A.  Eliason,  Ann.  N.Y.  Acad. 
Sci.67, 451  (1957). 

[8]  J.  A.  Kune,  J.  Phys.  B  23i  2553  (1990). 

[9]  J.  A.  Kune,  J.  Phys.  B  (to  be  published). 

[10]  C.  H.  Chen.  P.  E.  Siska.  and  Y.  T.  Lee.  J.  Chem.  Phys.  59. 


601  (1973). 

[11]  J.  A.  Barker,  R.  O.  Watts,  J.  K.  Lee,  and  Y.  T.  Lee.  J. 
Chem.  Phys.  61,  3081  (1974). 

[12]  L.  Pauling,  Nature  of  the  Chemical  Bond  (Cornell  Univer¬ 
sity  Press,  New  York,  1939),  p.  178. 

[13]  A.  A.  Radzig  and  B.  M.  Smirnov,  Reference  Data  on 
Atoms,  Molecules,  and  Ions  (Springer,  Berlin,  1985). 

[14]  J.  C.  Slater  and  J.  G.  Kirkwood,  Phys.  Rev.  37,  682 
(1931). 

[15]  R.  A.  Scott  and  H.  A.  Scheraga,  J.  Chem.  Phys.  45,  2091 
(1966). 

[16]  W.  Brandt.  J.  Chem.  Phys.  24.  501  (1956). 

[17]  A.  Bondi,  J.  Phys.  Chem.  68,  441  (1964) 

[18]  J.  O.  Hirschfelder,  R.  B.  Bird,  and  E.  L.  Spotz.  J.  Chem. 
Phys.  16.968(1948). 

[19]  E.  A.  Mason,  J.  T.  Vanderslice,  and  J.  M.  Yos,  Phvs. 
Fluids  2,  688  (1959). 

[20]  R.  S.  Mulliken,  J.  Chem.  Phys.  55,  288  (1971), 


44 


VISCOSITY  OF  HIGH-TEMPERATURE  IODINE 


3605 


[21]  M.  A.  Eliason.  D  E.  Stogryn,  and  J.  O.  Hirschfelder. 

Proc.  Natl.  Acad.  Sci.  U.S.A.  42.  546  ( 1956). 

[221  D  D.  Konowalow.  J.  O.  Hirschfelder,  and  B.  Linder.  J. 
Chem.  Phys.  31.  1575(1959). 

[23]  P  H.  Krupienie.  E.  A.  Mason,  and  J.  T.  Vanderslice.  J. 
Chem.  Phys.  10.  2399(1963). 

[24]  E.  Clementi  and  C.  Roetti,  .-Vt.  Data  Nucl.  Data  Tables 

14.  177  (1974). 

[25]  .\.  D.  McLean  and  R.  S.  McLean.  At.  Data  Nucl.  Data 
Tables  26,  197  1981). 

[261  K.  Ip  and  G.  Bums.  J.  Chem.  Phys.  51.  3414  (1969). 

[27]  J.  A.  Blake,  R.  J.  Browne,  and  G.  Bums,  J.  Chem.  Phys. 
53,3320(1970). 

[28]  J.  A.  Blake  and  G.  Bums,  J.  Chem.  Phys.  54,  1480  (1971). 

[29]  D.  L.  Thompson.  J.  Chem.  Phys.  60,  4557  (1974). 


[30]  D.  L.  Bunker  and  N.  Davidson.  J.  Am.  Chem.  Soc.  80. 
5090(1958). 

[31]  G.  Porter.  Discuss.  Faraday  Soc.  33,  198  ( 1962). 

[32]  R.  M.  Noyes  and  J.  Zimmerman.  J.  Chem.  Phys.  18.  656 
(1950). 

[33]  I.  D.  Clark  and  R.  P  Wayne,  in  Comprehensive  Chemical 
iCineiics.  edited  by  C.  H.  Bamfond  and  C.  F  Tipper  El¬ 
sevier,  New  York.  1969),  p.  4. 

[34]  M.  A.  Clyne  and  H.  W.  Cruse,  J.  Chem.  Soc.  Faraday 
Trans.  68,  1377(1972). 

[35]  M.  J.  Lighthill.  J.  Fluid  Mech.  2.  1  (1957). 

[36]  J.  De  Boer  and  J.  van  ICranendonk,  Physica  14.  442  1948'. 

[37]  S.  H.  Kang  and  J.  A.  Kune.  J.  Phys.  Chem.  (to  be  pub¬ 
lished). 


J.  Pnvs.  Chem.  1»1.  95.  6971-^973 


6r7i 


Motocular  Diametars  bi  Hlgh-Tamparatura  Qasas 


Steve  H.  Kaag  and  Joecph  Kuac* 

Deoarimeius  of  Aerospace  Enpneenng  and  Physics.  University  of  Southern  California. 

Los  Angetes,  California  90089-1191  (Received:  March  5.  1991) 

The  kinetic  moiecuiar  diameten  of  rouiionally  and  vibnuonaJly  excited  diatomic  molecuies  and  molecular  ions  are  oenved. 
The  diameters  are  funcuons  of  the  routional  and  vibrauonai  quantum  numbers  of  the  incident  and  urget  molecules.  As 
an  example,  *typical’  molecular  diameters  in  several  diatomic  gases  of  temperature  T  are  calculated 


introduction 

Calculating  some  properties  of  gases  requires*  constants,  called 
the  'molecular  diameters*,  representing  the  ‘size*  of  the  gas 
molecules.  (For  example,  the  concept  of  the  molecular  diameter 
IS  especially  useful  in  Monte-Carlo  probabilistic  simulations  of 
molecular  collisions  in  high-temperature  gases.)  In  low-tem¬ 
perature  ('cold*)  gas  the  molecilar  dijmeters  can  be  taken  as 
the  diameters  of  the  molecules  m  the  ground  vibrationahrotauonal 
states  In  high-temperature  ('hot')  gas,  a  large  portion  of 
molecules  is  rotationaliy  and  vibrationally  excited  and  the  values 
of  the  molecular  diameters  are  greater  than  in  unexcited  (cold) 
gas.  Since  the  molecular  scattering  cross  sections  are  proporuonal 
(roughly)  to  the  square  of  molecular  diameters,  the  routionai- 
vibrational  exciution  of  molecules  can  have  a  meaningful  effect 
on  the  kinetic  properues  of  high-temperature  gases.  This  fact 
raises  a  question  concerning  what  is  the  typical  value  of  the 
molecular  diameter  in  high-temperature  gas. 

In  this  work,  we  study  molecular  diameters  in  high-temperature 
gases,  uking  into  account  the  routional-vibrational  exciution 
of  molecules.  Two  cases  are  considered;  (a)  the  'cold*  gas,  where 
the  molecular  diameter  d,  independent  of  the  degree  of  rou- 
uonal-vibrational  exciution  of  the  molecules,  and  (b)  the  “hot* 
gas.  where  the  molecular  diameter  d^  depends  on  the  degree  of 
routional-vibrational  exciution  of  the  molecules,  that  is,  on 
vibrational  (o)  and  routional  (J)  quantum  numbers  of  the 
molecules. 

*Coki*  Gas 

The  mean  value  of  the  molecular  diameter  d^  in  'cold*  gas  of 
diatomic  molecules  can  be  obuined  from  an  empirical  rule  pro¬ 
posed  by  Hirschfelder  and  Eliason:* 

«  %(r.  +  »•*)+  1.8  (1) 

where  all  quantities  are  measured  in  angstroms,  and  r,  and  r^  are 
mean  radii  of  the  Slater  orbiuls  of  the  outer-shell  electrons  in 
the  atoms  forming  the  molecule 

iV»*(2iv/  ^  1) 

2(2^ -5^ 

where  Z  is  the  atomic  number,  d,  is  the  Bohr  radius,  n*  is  the 
effeaive  principal  quantum  number  for  the  orbiul  electrons,  and 
5  IS  their  screening  consunt  Also,  a  review  of  the  molecular 
diameters  obuined  from  measured  transport  coefTicients  for  gases 
of  homonuclear  diatomic  molecules  indicates  that  d^-R,* 

Rf  is  the  equilibrium  bond  length  of  tl  r  molecule  (A)  and  the 
consunt  b,  «  2.3  A. 

“Hot*  Gas 

The  diameter  d|,(i;J)  of  a  diatomic  molecule  excited  to  a  oth 
vibrational  level  and  a  ^th  routional  level  is  proportional  to  the 
mean  values  of  the  tnternuclear  disunce  (R^j) 

d,(Lj)  •  (R^)  -r  c.  (3) 

where  it  is  reasonable  to  auume  that  c,  ■  b,  if  the  degree  of 
vibrational-routional  exaution  of  the  molecule  is  not  very  high. 


(1)  Hinchfeloer.  J  0.:  Cuniu.  C.  F.;  Bird.  R.  B.  Molecular  Theory  of 
Oates  and  Liauids  John  Wjiev  Ne«  York.  1964. 

(2)  Hinchfelder.  J.  0.:  Eliaton.  M.  A.  Am.  N.  Y.  Acad.  Set.  1957. 67. 4SI. 


in  general,  the  mean  internuclear  disunce  can  be  found 
(through  numencal  calculations)  from  the  agenfunctions  obuined 
from  solution  of  the  Schrodinger  equauon  for  a  rouung  anbar- 
monic  oscillator.^  A  simple  and  convenient  approximation 
(lumted.  however,  to  levels  with  low  and  moderate  values  of  the 
vibrauonai  quantum  number)  to  the  mean  inurnuclear  disunce 
can  be  obuined  by  using*  the  following  anhannonic  potenua;. 
which  includes  the  centrifugal  rouuonai  term: 

U^(s)  -  L„»(0)  (4) 

where 


s^B,'>HR-RJ  (5) 


and  R^  the  position  of  the  minimum  of  the  intramolecular  ro- 
Ubonal-vibrational  potential,  is 

R,»R,-^Al,*J(J->r\)/R^^  (9) 

/.*  «  16.863/w^  (10) 

where  f.  is  in  angstroms  if  the  reduced  mass  m  of  the  molecule 
is  in  atomic  units  and  the  vibrational  consunt  w,  is  in  cm*'. 

By  use  of  the  above  and  the  second-order  time-independent 
penurbation  theory,*  the  eigenfunctions  S^j  of  the  routing  an- 
bannonic  oscillator  can  be  expressed  as  a  function 

(11) 

where  5^*  are  eigenfunctions  for  an  unperturbed  routing  har¬ 
monic  oscillator.  Consequently,  the  mean  intermolecular  distance 
{R^}  in  a  diatomic  molecule  excited  to  the  o,ytb  vibrational- 
routional  level  is 


3  ,  BX* 

(R^)  -  +  jffl.H2v  +  1)  -  -Jgf-dWl  +  22820  + 

1675p>  -  1214oJ  -  607r*)  -*■  -^J(J  +  1)  -i- 


95^*- 


189/9> 


^  ^  180g\ 

/  iiB^  i2e^\ 

48RJV^"  /i,  /i,'*  ) 


(31  +  78c  +  78c^)y(y  +  1)  + 


(645  +  2086c  +  2693tr  -i-  1214c^  +  607c*)y(y  -b  1)  (12) 


(3)  Kune.  J.  A.  J.  Fhys.  B  1990.  23.  2333 

(4)  Bonham.  R,  A.;  Peaeher.  J.  L.  J  Chem.  Phys  1963.  3i.  2319 
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when  B  is  the  Morse  consuni  m  toe  Morse  function  approx)- 
maong  the  intnmoiecuur  poienuai  Negiecung  small  quanuues 
and  reducing  (using  the  symoohe  algebra )  tne  second  and  the  third 
terras  m  relationship  12  to  9BI,‘  exp[2(fl.'„)‘^*(f  -  l)]/2.  one 
obtains 

9  4/ * 

a:  A,  -  -B!,-  exp[2(fl/.)'/'(i'  -  1)]  -  —7=  (13) 

*  ^ 

If  the  molecule  is  not  excited  (r  0.  7  =  0)  then  the  mean 
intemuclear  disunce  is  slightly  different  from  because  the  r 

0  vibrations  an  slightly  anhannonic  One  should  also  remem  oer 
that  some  vibrauonal-rotational  levels  do  not  exist  in  stable 
diatomic  molecules  even  though  the  rotationless  vibrational  states 
with  the  same  vibrauonal  quantum  number  do  exist. 

n'ygicar  Mokcatar  Diameters  in  High-Temperature  Gas 

The  value  of  the  *typical*  molecular  diameter  for  a  diatomic 
gas  of  temperatun  7  can  be  uken  as  one  for  the  molecule  exated 
to  the  vitarationai-TOtational  level  with  'Typical*  quantum  numbers 
Lf  and  7^  (An  attempt  in  ref  4  to  average  eq  12  over  equilibnum 
distributions  of  vibrational  and  routional  levels  produced  long 
and  cumbersome  formulas  containing  some  mispnnts.)  \Ve  choose 
the  values  Cp  and  7p  as  the  gas  mean  vibrational  quantum  numner 
and  the  most  probable  routional  quantum  number,  respeaively. 
Such  duice  is  weO  justifiec,  as  represenution  of  the  corresponding 
distributions  of  routional  and  vibrational  levels,  in  gases  of  ho- 
monuclear  dutomic  molecules. 

The  most  probable  routional  quantum  number  7p  can  be  es¬ 
timated  from  the  equilibrium  distribution  g/J)  of  the  routional 
levels  because  the  routional  temperature  is  usually  very  close  to 
the  gas  translational  temperature  while  typical  relaxation  umes 
for  translational  energy  are  usually  very  short.  This  distribution 
is 


gj(7)  d7  •  C/27  +  1)  exp(-fi,7(-^ Dhc/kT]  d7  (14) 

where  Cj  is  a  nortnalizaiion  consunt  and  B,  (in  cm*')  is  the 
rounonal  spectroscopic  consuni.  Since  the  routional  energy  levels 
in  diatomic  molecules  are  closely  spaced,  the  distribution  ( 14)  can 
be  approximated  by  a  continuous  funaion  of  7  with  7p  being  an 
integer  close  to 


in  sutionary  gases  the  value  of  ip  can  often  be  obuined  from 
the  local  thermal  equilibnum  (LTE)  distribution  (or  from  the 
Treanor  distribution)  of  vibrational  sutes  at  translational  tem¬ 
perature  7.  It  should  be  emphasized  that  in  a  gas  where  low  and 
medium  vibrational  sutes  are  in  the  LTE  with  translational 
temperature  other  modes  of  energy  distribution  (including  dis¬ 
sociation)  does  not  have  to  be  in  the  LTE.  For  example,  the 
population  of  the  higher  vibrational  levels  (the  most  imporunt 
for  the  process  of  dissociation)  can  strongly  deviate  from  the  LTE 
population;’  as  a  result,  the  overall  dissociation  process  can  easily 
nuinuin  a  sute  of  nonequilibrium  in  the  gas. 

The  LTE  distribution  gpfn)  of  vibrational  sutes  has  the  following 
form  if  the  vibrational  energy  is  measured  from  the  ground  vi¬ 
brational  sute 


g^D)  di’  ■  Qf'  cxp{-E,/kT)  dc  (16) 


E^»  kT  when  t  is  high,  the  contnoution  of  the  upper  sutes  to 
the  paruDon  function  and  to  the  first  moment  of  the  disthbuuon 
g,(i>)  IS  very  small  Ginsequently.  ip  is  much  smaller  than  t.. 
Thus,  one  can  assume  (but  only  for  the  purpose  of  calculating 
Cp)  that  the  parution  funcuon  Q,  and  vibrational  eigenvalues  are 
Close  to  their  values  given  by  the  model  of  harmonic  osciliato;. 
Then 


Gr  *  G,‘  -  -  exp(-hct../fc7))-'  (18) 


where  A.  c.  and  k  are  Planck's  consunt.  the  speed  of  light,  and 
Boltzmann's  consunt.  respectively. 

The  number  of  the  vibrational  sutes  of  the  anharmonic  os¬ 
cillator  can  be  given  as 


L  &  ^ 


wvx.  )  ..pX.J  J) 


where  is  the  anharmonicity  consunt  (cm*'),  and  is  the 
dissociauon  energy  (cm*')  measured  from  the  ground  vibrational 
suu. 

A  simple  and  accepubly  accurate  expression  for  u  can  be 
-  obuined  by  assuming  that  t:„  *  D/hcu,  where  D  is  the  disso- 
cution  energy  (ergs)  measured  from  the  bottom  of  the  intra¬ 
molecular  potenual  curve.  Then,  neglecting  small  quantities  one 
obuins 


Cp  *  f **  Dg,(n)  dt’  at  (gp‘)*'  f*“c  cxp(-E,v/kT)  dt  • 

*•0  *^0 

where  the  energy  of  the  fust  excited  vibrational  sute  is 

£,  *  hcui.  (21) 

and 

7  =  11-  {D/kT)  exp(-Z)/ifcr)l(l  -  exp(-/icw,/il:ri]  (22) 

In  most  cases,  the  ratio  DIkT  is  much  greater  than  1  (The 
case  when  the  ratio  D/kT  is  less  than  1  corresponds  to  the  situation 
when  degree  of  dissocution  of  the  gas  is  high.  Then,  atom-atom, 
not  molecule-molecule,  interactions  dominate  kinetic  properties 
of  the  gas.)  The  assumption  that  DfkT  is  significantly  greater 
than  1  gives  7  <*  hcuJkT  (if  hcuJkT  <  1)  or  7  ■*  hcuJlkT 
(if  hcuJkT  £  1 ):  we  u^  the  expansion  r*  *  (neglecting 

the  higher  order  terms)  in  the  former  relationship.  Consequently 

ip  =  v(kT/hcu.)  (23) 

where  in  the  case  when  the  vibrational  sutes  have  the  LTE 
distribution 

I)  «  1  when  hcuJkT  <  1 
*1/2  when  Acii;,/A7  2  1  (24) 

As  uid  above,  the  Typical*  molecular  diameter  dJT)  in  a  gas 
of  temperature  7  can  be  uken  as  the  diameur  of  a  molecule  m 
the  Cpth  vibrational  and  7pth  routional  level.  Then,  using  rela¬ 
tionships  13,  15.  and  23,  one  obtains 

d^\T)  -  dp  +  \bIJ  txp\l^JvkT/hcu,  -  1)]  + 

(25) 


where  E,  is  the  energy  of  the  nth  sute,  and  is  the  vibrational 
partition  funaion 

Gp  -  I  exp(-£p/k7-)  (17) 

where  t.  is  the  number  of  vibrational  sutes  uken  into  account. 
Since  the  sutistical  weights  of  these  sutes  are  equal  to  1  and  since 


(5)  Nikiun.  E.  E.  Theory  o.f  Eiemenian  Atomic  and  Molecular  Froeesus 
in  Ottser.  Clarenoor  Chforc.  C.K..  I97< 


where  d,  =  fit  4-  c„  and  w,  and  B,  are  in  cm*'  if  A,  c.  and  k  are 
in  centimeter-gram-second  units.  Equation  25  is  of  course  valid 
for  anhannonic  molecules  too  (as  is  eq  12)  because  the  molecular 
anharmonicity  is  conuined  in  the  Morse  consunt  B- 
As  can  be  seen  from  eq  25,  beating  of  a  gas  with  a  distribution 
of  vi'orational  sutes  close  to  the  LTE  distribution  can  have  a 
significant  effea  on  molecular  diamaers  in  gases  with  molecules 
having  low  values  of  the  spearoscopic  consunts  <•;,  and  £, 

At  low  and  moderate  temperatures  with  the  V-V  exchange 
processes  dominating  at  the  lower  vibrational  sutes.  the  distri¬ 
bution  of  the  sutes  is  close  to  the  Treanor  distribution  ‘  Then 


J.  Fkys.  Chem.  mi.  93.  6973-6978 


6973 


Temoerolur*  (K) 

FlgMC  I.  T  dependence  of  the  ratio  X  (eq  28)  to  nit^eti.  oxygen. 
chkaine,  and  iodine  when  the  km  and  intermediate  vibrational  ttatea  are 
in  local  thermal  equilibrium  with  traulational  temperature.  The 
'humpa*  on  the  N]  and  Oj  curvei  are  in  vicinity  of  a  ■  I,  and  they  leauh 
ffbm  approximation  24.  ' 

Of  can  be  taken  as  the  vibrational  quantum  number  corresponding 
to  the  minimum  of  the  distribution.  If  7  <  T, 

o,-(£, /2Ac«^.)(r/r,)  (26) 

where  T,  is  the  vibrational  temperature.  In  the  same  case,  but 
with  T>  the  quantum  number  Cp  can  be  obtained  from  eq 
23  by  replacing  T  with 

Cmparison  of  expressions  26  and  23  indicates  that  relationship 
25  also  can  be  used  when  the  distribution  of  the  vibrational  sutes 
is  the  Treanor  distribution.  In  such  a  case  the  factor  q  is 

n  -  W,^/7w^,)(hc/kT,)  (27) 


(6)  Ttuaoor.  C.,  Rkb.  J.;  Rebm,  R.  J.  Chem.  fhyt.  19<8.  48,  1798. 


Thus,  in  gases  with  the  Treanor  distributkiB  of  vibrational  states, 
the  value  of  the  typical  molecular  dUmxtir  depends  on  the  ro- 
utional  constant  £,  and  the  ratios  and  TjT^  at  higher 

temperatures,  the  diameter  can  be  a  strong,  increasing  function 
of  these  wo  ratios. 

As  an  example  illustrating  the  impact  of  the  rotational-vi¬ 
brational  exciution  on  the  molecular  diammers  we  calculated  T 
dependence  of  the  ratio 

X  -  id^'/d,)^  (28) 

for  several  gases  of  homooudear  diatomic  molecules  with  an  LTE 
distribution  of  low  and  intermediate  vibrational  sutes.  Ratio  28 
is  roughly  proportional  to  the  ratio  of  the  Typical*  kinetic  cross 
section  in  ‘hot*  gas  to  the  corresponding  cross  section  in 
‘cold*  1^. 

Examples  of  T  dependence  of  ratio  28  are  given  in  Figure  1. 
As  can  be  seen  from  the  ngure,  the  routionaF-vibrational  exci¬ 
ution  of  molecules  can  have  a  meaningful  effect  on  the  onllkinnal 
propdties  of  gases.  This  effea  is  stronger  in  gases  of  weakly  bound 
molecules  (molecules  with  low  values  of  the  dissociation  energy). 
(The  dissociation  energies  of  the  molecules  considered  in  Figure 
1  are  as  follows;  9.76  (Nj).  5.12  (Oi),  2.48  (Cl:),  and  1.54  eV 
di).) 

The  assumptions  made  during  the  evaluation  of  the  analytical 
approximation  25  limit  its  validity  (if  accuracy  better  than  a  few 
percent  is  required)  to  temperatures  T  £  9(XX)  (N^),  8000  (O:), 
6000  (Cl:),  and  3000  K  (1:).  However,  because  diatomic  gases 
are  usually  well-dissociated  and  atom-atom,  not  molecule-mol¬ 
ecule,  oollhions  dominau  the  ps  properties  at  temperatures  higher 
than  those  umperatures,  this  limiution  is  not  important. 
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Abstract.  A  general  and  computationally  efficient  (analytical)  approach  evaluating  the 
transition  probabilities  for  vibration-translation  (  vti  exchange,  involving  higher  v  ibrational 
states,  in  diatomic  gases  is  presented.  The  role  of  the  slope  of  the  repulsive  part  of  the 
intermolecular  potential  on  the  transition  probability  is  also  investigated.  Examples  of 
numerical  results  are  given  for  a  number  of  transitions  in  nitrogen  and  oxygen  molecules 
in  the  ground  electronic  states.  The  approach  can  be  used  for  vt  exchange  involving 
diatomic  molecular  ions. 


1.  Introduction 

Energy  transfer  in  molecular  collisions  is  of  fundamental  importance  for  kinetic  studies 
of  high-temperature  gases.  In  particular,  one  is  often  interested  in  collisions  in  which 
vibrational  and/or  rotational  energy  of  one  collision  partner  is  transferred  to  transla¬ 
tional  energy  of  the  other  partner  (v,r-t  exchange).  In  most  situations  the  distribution 
of  rotational  levels  equilibrates  quickly  with  gas  temperature  and  the  vt  processes  play 
a  dominant  role  in  establishing  kinetic  non-equilibrium  in  the  gas. 

A  general  and  computationally  efficient  approach  predicting  accurate  vt  transition 
probabilities  for  both  lower  and  upper  vibrational  states  in  diatomic  gases  is  not 
available.  The  most  commonly  used  theory  (the  so-called  ssh  theory)  of  vt  energy 
transfer  in  a  diatomic  gas  was  developed  by  Schwartz  et  al  (1952)  and  Schwartz  and 
Herzfeld  ( 1954).  The  theory  was  based  on  the  Jackson  and  Mott  ( 1934)  distorted  wax  e 
approximation  (dwa)  simplified  by  the  modified  wavenumber  approximation  ( mw  a) 
due  to  Takayanagi  (1952).  The  ssh  theory  predicts  reasonable  T-dependence  at 
moderate  and  high  temperatures  but  inaccurate  magnitudes  of  the  vt  transition  prob¬ 
abilities  (Rapp  and  Kassal  1969).  However,  scaling  the  probabilities  with  respect  to 
the  1  -»0  transition  probability  (obtained  from  a  reliable  theory  of  experiment)  makes 
the  SSH  theory  a  useful  method  of  estimating  of  the  probabilities  for  vt  transitions 
with  low  values  of  the  vibrational  quantum  numbers.  Unfortunately,  at  moderate  and 
high  vibrational  quantum  numbers  the  'scaled'  ssh  theory  gives  inaccurate  values  of 
transition  probabilities  (see  table  4.1  in  Billing  1986).  The  higher  vibrational  states  can 
be  important  (for  example,  in  a  dissociating  gas)  and  knowledge  of  accurate  prob¬ 
abilities  for  the  transitions  involving  these  levels  is  often  essential  for  kinetic  studies 
of  chemical  non-equilibrium.  One  should  add  that  the  common  procedure  of  calculating 
the  VT  probabilities  from  the  vv  (vibration-vibration)  probabilities  can  be  inaccurate. 

We  study  in  this  paper  the  vibration-translation  (vt)  energy  transfer  between 
diatomic  molecules  with  the  target  molecule  undergoing  a  vibrational  transition.  VV  e 
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Formally,  these  spatially  averaged  potentials  are  not  justified  for  the  vt  energy  exchange 
between  molecules  because  it  is  the  final  product  (the  vr  probabilities!,  and  not  an 
intermediate  result  (the  intermolecular  potentials),  that  should  be  spatially  a\eraged. 
However,  possible  negative  consequences  of  the  use  of  these  potentials  are  neutralized' 
by  the  ‘dynamic  effects  factor’  (see  discussion  below). 

We  use  in  the  present  work  the  wkb  semiclassical  approach  of  Shin  1 1966,  I9‘'6t 
and  the  u,  ^-independent  intermolecular  potentials  (5)  to  evaluate  the  state-to-state 
temperature-dependent  transition  probabilities  P„(r)  for  the  vt  energy  transfer  in 
collisions  of  diatomics.  An  excellent  review  of  the  wkb  approach  was  given  by  Shin 
(1976).  Therefore,  we  give  below  only  a  brief  summary  of  the  method.  One  should 
mention  that  the  wkb  semiclassical  approach  used  here  does  not  take  into  account 
several  factors  that  can  be  of  importance  in  some  situations.  For  example,  it  assumes 
that  the  Maslov  index  (the  number  of  times  quantum  mechanics  fails  at  the  turning 
points)  does  not  affect  transition  probabilities,  that  the  collisions  are  collinear  and  that 
the  collision  impact  parameter  is  zero.  (These  issues  are  discussed  in  the  paper  and 
concluded  in  the  last  section.)  Therefore,  in  the  final  step  of  the  present  work  we  use 
the  WKB  expression  for  the  vt  transition  probability  multiplied  by  a  ‘dynamic  effects 
factor’  g  (a  constant)  that  is  expected  to  represent  contributions  of  these,  and  possibly 
other,  effects.  Verification  of  the  factor  is  made  by  comparison  of  the  final  transition 
probabilities  with  existing  measurements. 

Numerical  examples  of  the  transition  probabilities  for  the  vt  energy  exchange  are 
given  for  the  N^-Nj  and  O^-O;  systems  with  the  molecules  in  the  ground  electronic 
states. 


2.  The  approach 

We  consider  a  one-dimensional  collision  of  two  diatomic  molecules  in  a  potential  field 
of  V{x,  r),  where  r  is  the  intermolecular  distance  and  x  is  the  displacement  of  the 
target  oscillator  from  its  equilibrium  position.  (The  effect  of  the  three-dimensional 
character  of  the  interaction  is  accounted  for  by  the  factor  g  (see  below).)  Assuming 
that  the  amplitude  of  vibration  of  the  target  molecule  is  distinctively  smaller  than  the 
range  of  the  potential,  the  interaction  energy  can  be  given  (Widom  1962)  by  the 
following  sum  of  two  independent  functions  (the  potential  U{r)  and  the  perturbing 
force  Fir)), 


Vix,r)^  Uir)-xFir).  (6) 

When  the  deviation  of  the  oscillator  from  its  equilibrium  position  is  not  large,  the 
perturbing  force  can  be  given  (Shin  1976)  as 


rrJa  +  mh  \ar  / 

where  m,,  and  nih  are  masses  of  the  incident  and  target  particles,  respectively  . 

We  assume  in  what  follows  that  the  initial  state  of  the  collision  system  is  defined 
by  a  real  wavefunction  iJ/{E),  where  E  is  the  relative  translational  energy.  The  final 
state  (after  the  vt  (i-*j)  transition;  where  i  and  j  are  the  initial  and  final  vibrational 
quantum  numbers  of  the  target  molecule,  respectively)  is  characterized  by  a  real 
wavefunction  ^^(  £  +  e„ )  and  a  new  energy  E  +  e,,,  where  e„  is  the  change  in  the  internal 
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The  method  of  Landau  and  Lifshitz  was  formulated  for  monotonic,  with  respect 
to  r,  potentials.  Widom  (1962)  applied  the  method  to  a  couple  of  repulsive  potential 
and  averaged  the  obtained  probabilities  P„(E  I  over  energy  distribution  Shin  i 
generalized  the  approach  and  evaluated  the  integral  /,,  for  almost  an\  central  force 
potential,  including  the  repulsive-attractive  potentials.  Two  such  potentials  are  con¬ 
sidered  in  the  present  work:  the  Lennard-Jones  potential  (for  interaction  of  two  diatomic 
molecules),  and  the  Lennard-Jones  potential  with  an  additional  term  ~a'  2r^  ifor 
interaction  of  a  diatomic  molecular  ion  with  a  diatomic  molecule).  In  either  case  the 
singular  point  (at  r  =  0)  of  the  potential  coincides  with  the  singular  point  of  the 
wavefunctions  Therefore,  the  perturbation  integral  (11)  can  be  evaluated  in 
the  limit  L/^  =  L^(  r) -*  x, 

(  7  J)'  -  /  f  ‘-r  (j;. 

/„=exp  [U(r)-{E^e„)V  -~dU 

L  h  VJe.,  do 

The  integral  (13),  evaluated  for  the  two  repulsive-attractive  intermolecular  potentials, 
will  be  used  below  to  calculate  the  vt  probability  P,,{E). 

Using  a  central-force  intermolecular  potential  is  easily  understood  in  the  case  of 
some  systems  such  as,  for  example,  the  (N;):  complex.  However,  some  systems  can 
have  more  than  one  potential  surface.  For  instance,  the  ground  state  of  O:  is  triplet 
and  the  (O2);  complex  has  three  potential  surfaces  that  correspond  to  total  spins 
0, 1  and  2.  Because  we  do  not  consider  transitions  between  these  surfaces,  it  is  reasonable 
to  replace  them,  for  our  purposes,  by  one  surface.  In  a  more  rigorous  approach  one 
can  evaluate  transition  probabilities  for  each  surface  and  then  average  them. 

The  pre-exponential  constant  in  the  relationship  (12)  has  been  evaluated  by  Shin 
(1976)  leading  to  the  following  energy-dependent  probability  per  collision  for  the  1  ^  1 
vibrational  transition. 


E,,(E)  =  -7^: 


^c:c;xi 


FI  r)  dr 


h\E(E  +  s,)V  -\}_AU(r)-E,V  ^[U{r)-(E  +  e.,)y 


-^1/;  r  r  utn 


xexpt 


where  c,  and  c,  are  constants  evaluated  as  (2il\U(r)  -  £|)'  '‘and  (2^jU(r)  -  (  £  t  f„  1  )‘ 
at  r-»x,  respectively. 

Since  the  relaxation  of  translation  energy  is  usually  very  fast  one  can  often  assume 
an  equilibrium  distribution  of  the  initial  kinetic  energies  of  the  colliding  particles. 
Averaging  the  probability  (14)  over  the  equilibrium  distribution  of  energies  for  one¬ 
dimensional  collisions  one  obtains  (Herzfeld  1965)  the  temperature-dependent  proba¬ 
bility  P„iT), 

P„(T)  =  (kTy'  I  P„(£)exp(-£/kr)d£. 
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The  assumption  that  the  rotational  transitions  do  not  significantly  affect  the  prob¬ 
abilities  of  the  discussed  vt  vibrational  transitions  in  diatomic  systems  should  be  true 
for  most  homonuclear  diatomic  molecules,  except  the  hydrogen  molecule  where  such 
an  assumption  can  be  inaccurate.  A  simultaneous  AV  transition  in  the  direction  opposite 
to  the  Au  transition  decreases  the  amount  of  internal  energy  transferred  to  translation 
(Lambert  1977).  Subsequently,  it  tends  to  favour  the  transitions  with  larger  values  of 
A/  However,  this  effect  is  limited  by  the  requirement  of  conservation  of  total  angular 
momentum  during  collision,  which  favours  small  values  of  A/  In  small  and  medium 
homonuclear  molecules,  U  =  ±0  and  Ai  =  3:2  are  the  most  probable  transitions  when 
Au  =  ±l.  In  heavy  molecules  U  is  larger  because  the  angular  momentum  is  easily 
conserved  (Kurzel  et  al  1971)  in  collisions  of  heavy  molecules;  for  example,  the  most 
probable  transitions  in  the  I;  molecule  are  those  with  U  =  3:(6-8)  (Kurzel  et  al  19-1 1. 
Since  the  energy  gaps  of  the  rotational  transitions  are  much  smaller  than  the  energy 
gaps  of  the  vibrational  transitions,  inclusion  of  the  rotational  excitation  in  our  model 
would  increase  the  vr  probabilities  only  slightly. 

A  constant  value  of  the  factor  g  in  equation  (17)  is  suggested  by  a  comparison  of 
the  theoretical  probabilities  Pj,  with  existing  experimental  data  (see  below)  and  by  the 
fact  that  two  important  effects  accounted  for  by  the  factor  are  rather  weak  functions 
of  temperature.  The  first  effect  (the  ‘steric’  effect)  results  from  the  necessity  of  taking 
into  account  the  contribution  of  non-collinear  collisions  (the  wk.b  approach  discussed 
above  was  formulated  for  collinear  interactions).  Since  collisions  between  two  diatomic 
molecules  may  not  be  linear,  consideration  of  a  ‘steric’  effect  (that  is,  accounting  for 
the  fact  that  some  collision  orientations  are  more  effective  in  energy  exchange  than 
others)  becomes  necessary.  In  general,  estimation  of  the  ‘steric’  effect  for  three- 
dimensional  scattering  is  a  difficult  problem.  Shin  (1976)  investigated  the  effect  for 
collisions  of  diatomic  molecules  with  various  intermolecular  potentials;  his  study  of 
several  diatomic  systems  indicated  that  the  presence  of  non-collinear  collisions 
decreases  the  vt  transition  probabilities,  but  the  effect  is  a  weak  (decreasing)  function 
of  gas  temperature.  The  second  important  effect  accounted  for  by  the  factor  g  is  caused 
by  the  non-zero-impact-parameter  collisions.  These  collisions  decrease  the  vt  prob¬ 
abilities  but  this  effect  is  also  a  weak  (increasing)  function  of  temperature  (Shin  1976 1. 
Thus,  the  overall  dependence  of  the  two  effects  (the  contributions  of  the  non-linear 
and  non-zero-impact  parameter  collisions)  on  temperature  should  indeed  by  very  weak. 

The  assumption  of  the  zero  Maslov  index  (Maslov  and  Fedoriuk  1981,  Delos  1986 1 
in  the  wkb  approach  can  be  justified  as  follows.  The  wavefunctions  for  the  one¬ 
dimensional  motion  are 

-sin^fi"' I  p, ;  dr  +  vp,.;^  =sin(A,,, +(^,,)  (20) 

where  the  subscripts  i  and  /  denote  initial  and  final  states  of  the  system,  respectively  , 
p  is  the  classical  momentum,  r,  is  the  turning  point  and  (p  is  a  constant  related  to  the 
Maslov  index.  The  product  sin(A, +  (p, )  sin(A, )  can  then  be  written  as 

[cos(  A, cos(  A,  +  A,  +  <p,  +  <p,  )]/2  (21) 

where  the  second  cosine  term  is  rapidly  oscillating,  which  is  opposite  to  the  behaviour 
of  the  first  cosine  term,  and  can  be  neglected.  Presumably,  the  Maslov  indices  for  the 
initial  and  final  translational  states  of  the  systems  considered  here  are  close  to  each 
other.  In  such  a  case  the  first  term  would  be  weakly  dependent  on  the  Maslov  indices 
and  this  may  be  the  reason  why  a  non-zero  Maslov  index  does  not  have  to  be  introduced 
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where  a'  and  U'„  (the  potential  well  depth)  can  be  obtained  from  the  approach 
discussed  in  I  and  summarized  in  section  1. 

Substituting  the  constants  (23)-(25)  into  equation  (17)  one  obtains  a  more  trans¬ 
parent  form  of  the  equation, 
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where  g  =  0.2,  j  is,  as  before,  the  initial  value  of  the  vibrational  quantum  number  of 
the  target  molecule,  and 
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3.  Some  analytical  approximations 


In  order  to  obtain  analytical  expressions  for  the  temperature-dependent  transition 
probabilities  (see  the  next  section)  one  has  to  introduce  several  approximations. 

An  approximate  value  of  the  mean  internuclear  distance  {R,-,j)  in  a  diatomic 
molecule  excited  to  the  u,  Jth  vibrational-rotational  level  can  be  obtained  from  the 
quantum-classical  model  of  the  rotating  Morse  oscillator  discussed  in  I.  The  effective 
intramolecular  potential  of  the  oscillator  is 

U,„{R)=  UAR)^Uj(R)  (30) 


where  U,.(R)  is  the  vibrational  pan  and  Uj(R)  is  the  rotational  pan  of  the  potential, 
U,.(R)  =  D{\ -exp[-l3(R  -  R^)])'  (31) 


and 


Uj(R) 


h\JUt\)-.\-] 

IfxR- 


(32) 


where  D  is  the  dissociation  energy,  referred  to  the  potential  minimum,  of  the  rotationless 
oscillator,  R  is  the  internuclear  distance,  R^  is  the  equilibrium  bond  length,  /3  is  a 
constant,  /x  is  the  reduced  mass  c.  the  oscillator  and  .\  is  the  quantum  number  for  the 
axial  component  of  electronic  angular  momentum.  Typically,  Jl»  V  (Jp  is  the  most 
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one  factor  obtainable  from  the  distribution  normalization  condition.  Taking  this  into 
account  the  normalized  distribution  p(z)  for  the  Morse  oscillator  ot  energy  E,  ,  is 

p(z)  dc  =  it''(  1  -  u')‘  '(1  -  ■  dc.  i43‘ 

(It  should  be  noted  that  p(:}  becomes  infinite  at  the  oscillator  turning  points  because 
the  velocities  dR/dt  at  these  points  are  zero.)  The  mean  internuclear  distance  of  such 
an  oscillator  is 


U)=  zp(z)  dc  =  1 -(1  -  U-) 


I  44  I 


SO  that 


( )  =  /?,  -  ( 2^ )  - '  ln(  1  - . 


(45  I 


We  assumed  abov-?  that  the  stretching  term  Uj(R)  =  Ao  is  independent  of  R.  This 
assumption  can  be  improved  by  replacing  /?*  by  Rq  in  equation  (45). 

A  more  accurate  analytical  expression  for  the  mean  internuclear  distance  <R,j> 
can  be  obtained  by  using  the  first  nine  terms  of  the  expansion  (I) 
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where  >  =  exp[-/3(R  - /?*)].  Then,  equation  (30)  can  be  rewritten  as 

E,,j-U,^iR)  =  D(Fy-  +  Gy  +  H)  (4") 

where 
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The  relationships  (30)-(32),  (41),  (44),  (46)  and  (47)  can  be  used,  in  the  way  similar 
to  that  leading  to  equation  (45),  to  obtain  an  analytical  expression  for  the  mean 
internuclear  distance  {R^.j)-  However,  the  expression  is  complicated  and  gives  results 
that  are  close  to  the  results  obtained  from  the  expression  (45)  when  /?,  is  replaced 

by  R„. 

The  dependence  of  the  intermolecular  potential  Uir)  on  the  degree  of  rotational- 
vibrational  excitation  of  the  colliding  molecules  is  given  by  the  coefficients  (I) 
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the  12-6  (or  12-6-4)  form,  then  the  resulting  intermolecular  potential  L  'ln  will  ha\e 
a  similar  functional  form  if  the  colliding  molecules  are  homonuclear  or  almost' 
homonuclear.  Thus,  the  assumed  potential  U'(r)  of  tw-o  homonuclear  molecules  that 
are  excited  vibrationally  and/or  rotationally  is 


U'(r)  =  4U'„ 


I  5'/ 1 


while  in  the  case  of  the  interaction  of  a  homonuclear  molecular  ion  with  its  parent 
molecule  it  is 


U'(r)  =  4U'„ 


ae~ 

2?' 


I  til  l ) 


In  most  cases  it  is  reasonable  to  assume  that  the  initial  (before  collision)  rotational 
quantum  numbers  {J^  for  the  incident  particle  and  for  the  target  particle)  of  the 
colliding  molecules  can  be  taken  as  equal  to  their  most  probable  rotational  quantum 
numbers  ({Jp)a  and  (Jp)b,  respectively)  at  a  given  temperature.  The  most  probable 
rotational  quantum  numbers  in  a  gas  of  temperature  T  can  be  obtained  from  the 
equilibrium  distribution  of  the  rotational  levels  (the  rotational  temperature  is  usually 
very  close  to  gas  translational  temperature), 

Nj  -  {2J  +  1)  exp[- BJiJ  +  \  )hc/ kT].  (61 ) 


The  distribution  (61 )  can  be  approximated  by  a  continuous  function  of  J  with  maximum 


at  J  ~Jp,  where  Jp  is  an  integer  nearest  to 
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Thus,  the  most  probable  initial  rotational  quantum  numbers  for  the  incident  and  the 
target  molecules  can  be  taken  as  integers  nearest  to 


I  63) 


Since  the  value  of  Jp  is  obtained  from  differentiation  of  the  continuum  (classical) 
distribution  Nj,  it  is  somewhat  inaccurate;  the  absolute  inaccuracy  is  1  and  the 

relative  inaccuracy  is  less  than  a  few  percent  (usually  Jp»  1).  Inclusion  of  the  nuclear 
spin  degeneracy  in  the  distribution  (61)  causes  disappearance  of  odd  or  even  rotational 
levels  of  homonuclear  diatomics.  Therefore,  the  inaccuracy  in  Jp  resulting  from  using 
the  continuum  distribution  Nj  is  comparable  with  the  inaccuracy  resulting  from 
neglecting  the  dependence  of  Nj  on  the  nuclear  spin  statistics.  Thus,  neglecting,  as 
we  have  done,  the  nuclear  spin  degeneracy  factors  in  the  distribution  (61)  has  no 
meaningful  impact  on  the  final  results  of  our  calculations. 

The  transition  probability  for  a  binary  collision  in  which  the  target  molecule  h 
(initially  in  the  Vh  =  j,  Jh  vibrational-rotational  state)  undergoes  a  vt  transition  l\  =  /  -* 
Vh  =  i  upon  the  impact  of  an  incident  molecular  ion  a  (being  initially  in  the  v,.  J,, 
state)  can  be  obtained  from  equation  (28)  assuming  intermolecular  potential  (60).  This 
probability  is  (if  both  colliding  particles  are  neutral  molecules  then  the  expression  1 64 1 
will  also  be  valid  but  then  the  term  including  a  should  be  neglected) 


P,JT)  =  \.6l2gmb'(U:„y-ii'^'"el'^(^j^  ;exp^-2.7l4^ 
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The  collision  numbers  Z|o  obtained  from  equations  (22)  and  (28)  ::re  compared  in 
figure  1  with  the  ssh  theory  (Schwartz  et  al  1952)  and  with  the  existing  experimental 
data  (Blackman  1956,  Camac  1961,  Millikan  and  White  1963,  White  and  Millikan 
1963,  Hurle  1964).  The  agreement  between  the  present  results  and  the  measurements 
is  very  good  in  the  considered  range  of  temperature.  The  collision  number  Z,„  is  a 
strong  decreasing  function  of  temperature  T  and  logarithm  of  Z,,,  varies  as  T 
which  is  close  to  the  T  dependence  predicted  by  the  Landau-Teller  theory 

(Landau  and  Teller  1936).  The  collision  numbers  obtained  from  the  ssh  theory  do  not 
include  several  correction  factors  due  to  effects  discovered  since  the  original  publication 
(Rapp  and  Kassal  1969,  Yardley  1980).  The  product  of  these  correction  factors  was 
estimated  by  Rapp  and  Kassal  (1969)  as  equal  to  about  a  hundred.  Multiplying  the 
SSH  results  (the  broken  curves  in  figure  1)  by  a  hundred  brings  these  results  much 
closer  to  the  experimental  data. 

Examples  of  the  vr  transition  probabilities  P^  ^-i(T)  for  the  \  \ibrational 

de-excitation  of  nitrogen  and  oxygen  molecules  are  given  in  figures  2  and  3,  respectively. 
The  probabilities,  obtained  from  equation  (28)  using  the  intermolecular  potentials  of 
I,  are  strong  increasing  functions  of  temperature  T,  and  strong  increasing  functions  of 
the  vibrational  quantum  number  j. 

Experimental  data  for  transitions  other  than  1  ^0  are  not  available.  To  verify  the 
present  approach  for  the  j>l  transitions  we  compare  our  results  with  the  existing 
results  of  numerical  calculations  for  nitrogen  (Billing  and  Fisher  1979,  Capitelli  et  al 
1980,  Billing  1980,  Bogdanov  et  al  1989).  Since  the  numerical  results  of  Billing  et  al 
and  Bogdanov  et  al  are  given  in  form  of  rate  constants  (in  cm^  s”' )  we  calculated 


Figure  1.  The  collision  numbers  Z,,,  for  the  vt  1  -•  0  transitions  in  N.  N.(  X  I J  .  t  =  li- 
N,  +  NjtX 'Sj  ,  u  =  0)  and  0,  +  0,(X 'S',  u  =  l)-*0;  +  0,(X 'SJ',  c  =  0)  collisions  The 
incident  molecules  are  in  the  ground  electronic  and  ground  vibrational  states.  The  full  and 
broken  curves  represent  the  results  of  the  present  work  and  the  ssh  ( Schwartz  et  al  i  theorv, 
respectively.  The  circles  and  triangles  denote  the  experimental  data  obtained  b>  Blackman 
( 1956),  Camac  ( 1961 ),  Millikan  and  White  ( 1963),  White  and  Millikan  1 196.'' '  and  Hurle 
( 1964).  The  exponent  characterizing  the  short-range  interaction  is  n,  =  12 
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the  corresponding  transition  probabilities  using  the  following  relationship 


k  (T) 


(’4) 


where  the  superscript  BB  denotes  the  results  of  Billing  et  al  and  Bogdanov  et  al, 
P‘'f(  T)  is  the  probability  obtained  from  the  measured  collision  number  Z,o(  T i  figure 

note  that  Plo^iT)  is  very  close  to  PwiT)  of  the  present  approach. 

Comparison  of  the  probabilities  with  the  results  of  the  present  work  is  mown 
in  figure  2.  As  can  be  seen  from  there,  the  agreement  between  the  compared  prob  ibilities 
is  quite  good  in  the  entire  range  of  temperatures  considered.  One  should  add,  however, 
that  at  temperatures  Ts  6000  some  probabilities  of  the  present  work  can  be-'orne  close 
to,  or  greater  than,  unity  for  higher  values  of  J.  In  such  a  case,  our  first-order  wkb 
approach  becomes  inaccurate  and  other  methods  should  be  used  for  calculating  the 
transition  probabilities. 

The  Ai.’=l  transition  probabilities  of  the  present  work  are  close  to  the  sc.iled' 
(with  respect  to  the  probability  P|o)  results  of  the  ssh  theory  for  the  lowest  transitions. 
At  higher  vibrational  quantum  numbers  of  the  target  molecule  the  difference  between 
our  results  and  the  ssh  results  becomes  large,  which  is  in  agreement  with  conclusions 
of  Billing  (1986);  for  example,  at  T  =  300  K  and  j>  10  the  difference  is  greater  than 
one  order  of  magnitude. 

As  discussed  above,  the  present  approach  seems  to  give  accurate  values  of  the  vt 
j  -*j  -I  transition  probabilities.  This  first-order  perturbation  approach  can  be  used  in 
a  straightforward  way  to  calculate  the  probabilities  for  transitions  with  Ai  >  1.  As 
discussed  in  section  1,  applying  the  present  approach  to  such  transitions  may  lead  to 
inaccurate  values  of  the  corresponding  probabilities  P„.  The  accuracy  of  our  approach 
for  Au>l  transitions  cannot  be  estimated  at  present.  However,  it  seems  that  the 
approach  gives  reasonable  estimates  of  the  Iv  =  2(j  -*j  -2)  transition  probabilities 
provided  we  drop  the  5-function  in  equation  (9).  In  the  case  of  transitions  with  Ai  >  2 
the  inaccuracy  of  the  approach  may  be  significant. 

Examples  of  the  probabilities  for  nitrogen  and  oxygen  are  given  in  figure  4 
and  figure  5,  respectively.  As  expected,  the  probabilities  are  strong  increasing  functions 
of  temperature  and  they  are  orders  of  magnitude  smaller  than  the  probabilities  P  i 

The  role  of  the  short-range  part  of  the  intermolecular  potential  was  investigated 
assuming  different  values  (10,  12  (Lennard-Jones)  and  14)  of  the  exponent  n,.  The 
dependence  of  the  transition  probability  Pj,(T)  on  n,  is  shown  in  figures  6  and  7.  As 
can  be  seen  from  there,  the  differences  between  the  probabilities  when  n^  =  10  and 
when  n,  =  14  are  within  a  factor  of  two,  regardless  of  the  value  of  vibrational  quantum 
number  J. 

The  transition  probabilities  P^,(r)  obtained  from  the  simple  expression  (64)  are  in 
good  agreement  (in  most  cases  better  than  10%,  and  not  exceeding  20%  in  a  few  bad' 
cases)  with  the  discussed  above  transition  probabilities  obtained  from  equation  (28) 
using  the  intermolecular  potentials  of  1. 

In  Shin’s  wkb  approach  the  molecular  anharmonicity  is  accounted  for  only  by 
taking  e,,  as  the  energy  gap  between  the  levels  of  an  anharmonic  oscillator  (the 
vibrational  matrix  element  was  assumed  in  that  approach  to  be  the  matrix  element  of 
the  harmonic  oscillator,  xj]).  In  the  present  approach  the  anharmonicity  of  the  target 
oscillator  is  accounted  for  through  three  quantities:  the  transition  energy  gap  e,,  of  the 
Morse  oscillator,  the  ‘corrected’  matrix  element  x„  and  the  intermolecular  potential 
L/’(r)  which  was  calculated  under  the  assumption  that  the  colliding  molecules  are 
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Figured.  The  dependence  of  the  transition  probabilities  P,  for  the  N^lX  ‘S*,  l\,  =0i» 
Nj(X  '2g ,  Vf,  =  j)  collision  on  the  slope  (represented  by  the  exponent  /»,)  of  the  shon-range 
part  of  the  intermolecular  potential. 


Figure  7.  The  dependence  of  the  transition  probabilities  P, fortheO.lX  t  ,  =0i- 
0.(X  v„  =  j)  collision  on  the  slope  (represented  by  the  exponent  n,  i  of  the  shon  range 
part  of  the  inte. -nolecular  potential. 
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1  Abstract 


Rotational  and  vibrational  population  distributions  are 
measured  at  several  positions  along  the  central  axis  of  a 
free  jet  of  iodine  vapor  impinging  on  the  flat  surface  of  a 
disc.  The  probing  technique  is  described  and  the  procedure 
used  to  determine  populations  of  vibrational  and  rotational 
energy  levels  from  fluorescent  signal  intensities  is  out¬ 
lined.  The  procedure  accounts  for  both  dissociation  and 
predissociation  of  the  molecules  during  the  pulsed  laser 
excitation  process.  The  measured  rotational  and  vibra¬ 
tional  population  distributions  are  compared  to  Direct 
Simulation  Monte  Carlo  predictions.  The  precision  of  the 
measurements  and  possible  improvements  of  the  diagnos¬ 
tic  technique  are  discussed. 

2  Introduction 


Nonequilibrium  flows  are  encountered  in  a  significant 
number  of  natural  and  technological  settings.  A  few  exam¬ 
ples  are  material  plasma  processing,  ion  or  cluster  deposi¬ 
tion  schemes,  arc  jet  or  chemical  rocket  exhaust  plumes, 
and  gas  dynamic  or  chemical  lasers.  Of  particular  interest 
to  the  aerospace  engineering  community  are  the  nonequi¬ 
librium  phenomena  associated  with  the  flowfieid  around  a 
spacecraft  entering  Earth’s  or  other  planet’s  atmospheres. 

In  two  previous  papers,**^  we  proposed  that  iodine  be  used 
for  the  detailed  experimental  study  of  nonequilibrium, 
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chemically  reacting  hypersonic  diatomic  gas  flows.  In 
terms  of  dissociation,  a  stagnation  temperature  of  1300  K 
fcM*  iodine  is  equivalent  to  about  4000  K  for  oxygen  or 
6000  K  for  nitrogen.’  The  experimental  simulation  of 
chemically  reacting  air  flows  has  traditionally  been  per¬ 
formed  in  transient  facilities  such  as  shock  tubes  or  shock 
ninnels  because  of  the  high  stagnation  enthalpy  required  to 
produce  significant  internal  excitation  in  nitrogen  and  oxy¬ 
gen.^  In  order  to  avoid  the  drawbacks  associated  with 
these  pulsed  flow  experiments,  a  semi-continuous  pilot 
scale  hypersonic  wind  tunnel  operating  on  pure  iodine 
vapor  has  been  developed.  Its  p^ormance  has  been 
repotted  in  previous  papers.^’^The  wind  tunnel  operates 
intermittently  by  expan^g  iodine  through  a  sonic  orifice 
and  into  a  vacuum  for  run  times  lasting  approximately  30 
minutes.  Stagnation  temperatures  up  to  1000  K  can  be 
achieved  at  stagnation  pressures  up  to  100  Tort.  This 
enables  the  production  of  significantly  populated  higher 
rotational  and  vibrational  levels  as  well  as  some  dissocia¬ 
tion.  The  approach  that  we  have  taken  does  not  iMX)pose  to 
directly  simulate  O2  or  N2  with  I2,  but  rather,  to  study  the 
rotational,  vibrational  and  dissociative  energy  behavior  of 
the  iodine  molecule  when  placed  in  a  hypersonic  nonequi¬ 
librium  situation.  Accurate  measurements  of  the  popula¬ 
tion  distributions  for  the  large  number  of  significantly 
populated  levels  typical  of  a  dissociating  gas,  will  permit 
meaningful  tests  of  the  basic  assumptions  about  lo^  ther¬ 
modynamic  equilibrium  that  are  made  in  most  predictions 
involving  finite  rate  chemistry. 

This  paper  describes  the  experimental  method  developed 
to  probe  rotational  and  vibrational  pc^Hilation  distributions 
at  several  positions  along  the  centr^  axis  of  a  fiee  jet 
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impinging  on  the  flat  surface  of  a  disc.  Transient  Laser 
Induced  Fluorescence  (TLIF)  is  used  as  a  diagnostic  tech¬ 
nique.  The  pulsed  nature  of  the  technique  makes  the  mea- 
surcments  quenching  insensitive,  however  issues  such  as 
the  sensitivity  of  the  probed  molecules  to  dissociation  and 
pulsed  pumping  have  to  be  addressed  so  that  the  fluores¬ 
cence  intensities  may  be  interpreted.  Other  diagnostic  con¬ 
siderations  such  as  saturation  and  attenuation  of  the  laser 
beam  are  discussed.  Finally,  typical  rotational  and  vibra¬ 
tional  population  distributions  measured  at  several  plume 
axial  positions  are  presented  and  compared  to  direct  simu¬ 
lation  Monte  Carlo  calculations.  The  accuracy  of  the  mea¬ 
surements  and  plan  for  improving  the  technique  are 
discussed. 


NiD 


f(B^2)A23SP(r)  ' 


(EQl) 


where  the  subscripts  1, 2  and  3  correspond  to  the  lower 
initial,  upper  intermediate  and  lower  final  state  involved  in 
the  TLIF  process  (Ref.  Fig.  1).  The  rotational  population 
distributions  presented  in  this  paper  were  determined  from 
transitions  starling  from  the  same  lower  vibrational  state, 
consequently  (EQ  1)  is  independent  of  V".  In  (EQ  1) 
/(Ri2)  is  a  factor  which  depends  on  the  Einstein  absorption 
coefficient  Bi2<  the  partial  dissociation  of  the  molecules 
occurring  during  the  excitation  process  and  the  pulsed 
nature  of  the  experiment.  SPU" )  is  a  factor  which 
accounts  for  the  nuclear  spin  of  the  molecule,  it  takes  a 
value  of  7  for  odd  f  and  5  for  even  J" . 


3  Transient  Laser  Induced 

Fluorescence  applied  to  the  iodine 
molecule 


The  Transient  Laser  induced  Fluorescence  technique  is 
selected  for  the  purpose  of  this  study  because  it  produces 
relatively  strong  signals  compared  to  alternate  scattering 
techniques  such  as  Raman  or  Rayleigh  scattering.  Pro¬ 
vided  the  tunable  pulsed  laser  linewidth  is  small  enough  to 
permit  excitation  of  single  transitions,  the  chosen  diagnos¬ 
tic  technique  is  robust  and  has  the  additional  advantage  of 
being  insensitive  to  quenching  under  the  condition  that  the 
laser  pulse  duration  and  the  detection  time  are  shorter  than 
the  local  quenching  time. 

To  probe  individual  rovibrational  levels  the  laser  excites  I2 
molecules  from  a  rovibrational  level  (V,  /’)  of  the 
ground  electronic  state  X  ( .  )  to  a  rovibrational  level 
(V’,J')of(he  B(\l  .  )  state.  Emission  spectra  are 
obtained  by  scanning  the  laser  wavelength,  i.  e.  succes¬ 
sively  exciting  levels  of  the  X  state  to  levels  of  the  R  state. 
The  fluorescence  signal  is  observed  through  a  fixed  spec¬ 
tral  window  (-20  A)  of  a  spectrometer  whose  main  pur¬ 
pose  is  to  filter  scattered  photons  at  the  laser  frequency 
and  at  the  overtones  other  than  the  one  detected  by  the 
spectrometer.  In  the  study  presented  here,  only  the  first 
overtone  on  the  Stokes  side  of  the  laser  line  is  detected 
(AV  =  Vf;^-  =  +2).  The  intensity  of  the  fluorescent 

signal  is  a  measure  of  the  population  in  level  (V” ,  f  )  pro¬ 
vided  the  transition  strengths  for  both  the  absorption  (R12) 
and  emission  (/I23)  phases  are  known.  The  relative  papula¬ 
tion  in  a  rotation^  level  f  can  be  calculated  using 


Similarly,  the  relative  population  in  a  vibrational  level  V^’ 
may  be  computed  with 


N(V) 


y/Bo 


f(B^2)A23SP(r)N(r) 


(EQ2) 


The  vibrational  population  distributions  presented  in  this 
paper  were  computed  firom  transitions  involving  different 
rotational  quantum  levels,  consequently,  as  indicated  in 
(EQ  2),  the  fluorescent  signal  intensity  is  divided  by  the 
rotational  population  N(f')  calculated  with  (EQ  1). 


3.1  Upper  state  response  to  pulsed  pumping 

Fig.  1  shows  a  diagram  of  the  three  level  system  used  to 
model  the  transitions  involved  in  the  TLIF  process.  The 
population  A/]  the  X  stale  being  excited  by  the  laser  and 
the  population  A/2  in  the  fi  state  may  be  described  by  the 
system  of  equations; 

=  A/2(/»2,+/l2,)-A/,(/>,2  +  />^)  (EQ3) 

i<2 

where  Pij=Bij  g(v  J  Ep{t)l{Ac)  is  the  pumping  rate  from 
level  i  to  level  j,  A^j  is  the  spontaneous  emission  coefficient 
from  level  i  to  j,  Bij  is  the  stimulated  emission  or  stimu¬ 
lated  absorption  factor  depending  on  whether  levels  i  and  j 
are  upper  or  lower  levels.  g(vi)  is  the  laser  line  shape, 
Ep{t)  is  the  laser  energy  delivered  to  the  probed  volume 
per  unit  time.  A  is  the  laser  beam  cross-sectional  area  and  c 


dN, 

dt 

dN2 

Jt 
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is  ihe  speed  of  light.  Finally  is  the  pumping  rate  which 
depopulates  level  1  by  direct  absorption  to  the  dissociative 
Slate  P^  has  the  same  form  as  P^j,  with  ihe  only 

difference  being  that  B^j  is  replaced  by  an  absorption  coef¬ 
ficient  consistent  with  a  dissociative  reacbon.  Sponta¬ 
neous  predissociabon,  whereby  a  molecule  is  initially 
absorbed  into  the  B  state  and  subsequenby  spontaneously 
dissociates  by  transiboning  to  the  state,  has  been 
taken  into  account  in  (EQ  4)  with  the  spontaneous  decay 
term  4^^.  Direct  absorpuon  and  spontaneous  predissocia¬ 
tion  to  other  dissociabve  states  such  as  ^fl^  . 

,  or  are  ignored  in  this  analysis  ^ause  their 
contribuUon  has  been  found  to  be  minimal  compared  to 
the  'n,  state,  unless  the  laser  is  resonant  with  the  cross- 
ing  point  between  one  of  these  dissociabve  states  and  the 
B  state.^  In  the  calculabons  shown  below,  dissociabve  and 
predissociabve  rates  are  approximated  from  independent 
measurements.^’ Fig.  2  shows  the  intermolecular  poten¬ 
tials  of  the  I2  molecule’’^  which  are  relevant  to  the  analy¬ 
sis  of  the  pulsed  laser  pumping  process.  Also  indicated  are 
the  approximate  crossing  points  between  the  B  stale  and 
the  purely  dissociabve  states  menboned  above  believed  to 
be  responsible  for  an  enhattced  decay  rate  of  level  2  when 
the  laser  is  tuned  close  to  a  crossing  point. 

Fig.  3  shows  the  time  response  of  the  populabon  in  level  2 
when  subjected  to  a  pulsed  laser  excitabon  successively 
tuned  to  a  variety  of  uansibons:  (20,1)  P82,  (24,3)  R27, 
(19,0)  P129,  (18,0)  RlOl  and  (17,0)  P39.  These  transitions 
require  laser  pumping  at  approximately  S683  A  and  are 
used  in  this  paper  to  determine  rotabonal  populabon  distri¬ 
butions.  The  populabon  responses  are  calculated  by  simul¬ 
taneously  solving  (EQ  3)  and  (EQ  4),  and  assuming  a  laser 
pulse  shape  whose  FWHM  is  approximately  25  nsec  as 
indicated  in  Fig.  3.  N-^t)  is  integrated  over  a  time  gale  of 
1(X)  nsec  10  yield  the  factory(fii2)  for  each  transibons 
selected  in  this  study.  To  calculate  ^2(0.  Einstein  A  and  B 
coefficients  are  determined  from  calculated  radiabve 
decays  raies.^  The  total  spontaneous  radiabve  decay  rale 
from  a  single  upper  vibrabonal  level  V  to  several  lower 
levels  V  can  be  written  as 

A  =  a  ^vVc(V’,V")  ,  (EQ5) 

where  v  is  the  frequency  of  the  radiabon  emitted  during 
the  transibon  (B,  V",/').  FC  (V,  V")  is  the 

Franck-Condon  factor  involved  in  the  transibon  and 


64iC 


a  = 


I  HLiTJ") 


3hP  '‘kEq 


*2 


,b(R,)i 


(EQ6) 


In  (EQ  6)  HlXf.f)  is  the  Hdnl-London  factor  corre¬ 
sponding  to  a  y  -» /”  bansibon,  m.(R<;)  is  the  electric 
dipole  moment  taken  at  an  average  intemuclear  distance 
Rc  often  called  the  R-cenooid,  and  g2  is  the  total  statisbeal 
weight  of  the  radiating  level  in  the  B  state,  a  for  a  speci¬ 
fied  upper  level  is  first  calculated  from  (EQ  S),  Franck- 
Condon  factors  determined  by  Martin  et  and  total 
radiabve  decay  rates  computed  by  Brewer  and  Telling- 
huisen.*  The  spontaneous  decay  rate  A23  in  (EQ  1)  and 
(EQ  2)  may  then  be  calculated  with  (EQ  S)  but  for  a  single 
transibon  (i.  e.  without  the  summation).  i4i2  is  calculated 
in  the  same  manner  as  A23  and  B 12  can  be  ^termined  with 


-421  _  SjiAv^  *1 
^12  *2 


(EQ7) 


(EQ  S)  is  based  on  several  assumpbons; 

1)  The  rotabonal  transibon  probability  HLiJ'.f)  is 
independent  of  vibrational  transition  probability. 

2)  The  total  transibon  probability  may  be  decomposed 
into  three  independent  parts;  an  overlap  integral  of 
vibrational  wavefunctions  FC(V’,  V"),  the  average 
electronic  transibon  moment  lp(R;)l^  and  the  rota¬ 
bonal  transibon  probability  HL{J’ ,  f ). 

3)  The  average  elecbonic  transibon  moment  can  be 
represented  by  the  electronic  transibon  moment  at  an 
average  intemuclear  distance  called  the  R-cenboid. 


4)  The  R-centroid  which  in  principle  depends  on 
vibrational  quantum  number  has  for  the  purpose  of 
this  study  b^n  considered  constant. 


Although  the  last  assumpbon  has  been  used  for  conve¬ 
nience  in  a  number  of  past  studies,^^'  it  was  found  in 
this  work  that  it  may  result  in  overestimating  the  decay 
rates  and  absorpbon  coefficients  by  up  to  15%  for  the  ( 1 7, 
0)  R42  bansibon  for  instaiKX. 


The  accuracy  of  the  measurements  depends  greatly  on  the 
precision  with  which  the  rates  of  dissociation  and  predis¬ 
sociation,  and  the  absorption  and  emission  strengths  have 
been  determined.  The  diagnosbc  technique  described  here 
could  be  used  to  measure  state  specific  transibon  probabil¬ 
ities  for  iodine  maintained  in  a  fairly  well  contrcriled  envi- 
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ronmenL  'fhese  measurements  could  in  turn  validate  more 
extensive  rate  predictions  based  on  first  principles. 


3.2  Saturation 

Under  pulsed  excitation,  saturation  of  the  upper  intermedi¬ 
ate  excited  state  (B  state)  is  virtually  impossible  to  achieve 
because  part  of  the  molecules  in  the  X  state  are  dissociated 
during  the  laser  pumping  process.  Fig.  4  shows  the 
response  of  the  population  in  level  2  normalized  by  the 
initial  total  population  /V,(0)  for  three  laser  power  levels:  7 
10  7  I  O'*  and  7  lO'^  Joules/pulse.  These  responses  are 

calculated  for  the  (39. 0)  R55  transition.  As  may  be 
noticed,  Niit)  docs  not  reach  its  saturated  value  N200  as  the 
laser  power  is  increased.  The  saturated  value  of  N2{t)  is 
reached  when  stimulated  absorption  is  counterbalanced  by 
stimulated  emission  uansitions  if  there  is  no  significant 
depletion  of  the  total  population  in  the  two  levels  (i.  e.  if 
dis.sociation  can  be  neglected).  A/2-  's  given  by 


iV,(0) 


(EQ8) 


As  the  laser  beam  travels  in  the  flowfield,  it  is  absorbed  by 
molecules  along  the  beam  path.  The  absorption  is  more  or 
less  severe  depending  on  the  transition  being  excited  and 
the  number  density  in  the  level  being  probed.  As  a  result 
the  laser  power  deposited  in  the  probed  volume  varies  in 
an  undetermined  manner  and  consequently,  the  population 
in  the  probed  level  cannot  be  calculated  from  the  fluores¬ 
cent  signal  intensity.  In  this  study,  attenuation  can  be  sig¬ 
nificant  (up  to  60%)  in  high  density  regions  for  strong 
transitions.^  This  is  taken  into  account  in  the  calculation  of 
/{B12)  by  using  a  value  for  the  laser  power  at  the  probed 
volume  that  has  been  corrected  for  attenuation.  The  laser 
power  at  the  probed  volume  can  be  found  by  solving 

y  =  -n(z,r)cdr,  (EQ  9) 


where  P  is  the  laser  power,  n(z,  r)  the  number  density  as  a 
function  of  axial  (r)  and  radial  (r)  coordinate,  a  is  the 
absorption  cross  section  given  by 


o  = 


Pn**  (V) 

- 


(EQ  10) 


where  A/i(0)  is  the  population  in  the  initial  level  of  the  X 
state  before  the  laser  pulse  is  turned  on.  g]  and  g2 
statistical  weight  of  the  initial  (X)  and  intermediate  (B) 
state  respectively.  For  the  X  state  gj  =  2/"+l  and  for  the  B 
state  g2  -  3(2/’ +1).  This  results  in  a  normalized  saturated 
population  of  A/^*  /N i(0)  =  3/4  assuming  that  J"  is  more 
or  less  equal  to  J’  due  to  the  selection  rule  A/  =  ±  1.  Since 
saturation  of  the  population  in  the  upper  intermediate  state 
is  difficult  to  achieve,  the  laser  power  used  in  this  study 
was  reduced  so  that  the  fluorescent  signal  behaved  linearly 
with  laser  power. 

It  is  interesting  to  note  from  the  value  of  their  statistical 
weights  that  both  X  and  B  states  have  no  A-type  doubling. 
This  is  quite  understandable  for  the  X  state  which  is  a  sin¬ 
glet  state  (A  =  0,  S  =  0).  The  B  state,  on  another  hand  is  a 
uiplet  state  (A  =  1,  S  =  1)  and  should  in  principle  be  sub¬ 
jected  to  a  A-type  splitting.  This  however  does  not  occur 
because  the  electronic  spin-orbit  coupling  is  strong  for  a 
heavy  molecule  such  as  I2  and  consequently  falls  into  the 
category  of  Hund’s  case  (c)’*  in  which  case  states  with  Q 
=  A  +  L  =  0  behave  like  states  with  A  =  0. 

3.3  Attenuation 


where  B 12  is  the  absorption  coefficient,  h  is  Planck’s  con¬ 
stant,  g(v)  is  the  laser  spectral  profile  assumed  to  be  wide 
compared  to  the  absorption  profile  and  approximated  by  1/ 
Av  =  9  10'’°  sec.  X  is  the  wavelength  of  the  transition  ’The 
number  density  distribution  in  the  free  jet  expansion  n(z,  r) 
is  calculated  using  expressions  derived  by  Ashkenas  and 
Sherman.*^ 

The  issue  of  attenuation  becomes  tricky  when  the  number 
density  field  is  not  well  defined.  This  may  be  the  case  for 
complex  flowfields  around  models  of  various  shapes.  In 
these  circumstances,  attenuation  can  be  dealt  with  by 
either  choosing  transitions  which  have  equal  absorption 
coefficients,  or  configure  the  experiment  so  that  the  laser 
beam  path  length  is  reduced  in  regions  of  strong  absorp¬ 
tion. 


4  Synthetic  spectra 


Synthetic  spectra  were  generated  for  the  purpose  of  identi¬ 
fying  the  transitions  that  are  excited  by  the  laser.  The  spec¬ 
tral  positions  of  the  transitions  were  calculated  using  the 
Dunham  expansion  coefficients  determined  by  Gersten- 
kom  and  Luc.*^  The  relative  intensity  of  a  transition  was 
calculated  using  the  following  assumptions:  a)  the  gas  is  in 
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ihcrmodynamic  equilibrium,  consequently,  the  population 
in  a  given  rovibrational  level  can  be  calculated,  b)  the  tran- 
stiion  probability  of  the  transitions  is  mainly  controlled  by 
the  Franck-Condon  factors.  Hdnl-London  factors  and  elec¬ 
tronic  transition  moments  are  considered  constant,  c)  Due 
to  the  nuclear  spin  degeneracy  of  the  I2  molecule,  a  transi¬ 
tion  initiated  from  an  odd  7”  is  7/5  stronger  than  a  transi¬ 
tion  involving  an  initial  rovibrational  level  with  an  even 
J" .  d)  There  are  no  significant  broadening  mechanisms, 
con.sequent]y,  the  emission  spectrum  is  obtained  by  con¬ 
volving  the  intensity  at  each  transition  with  the  laser  pro¬ 
file  which  in  this  work  is  assumed  of  Gaussian  form  with  a 
FWHM  of  0.01  A. 

Fig.  5  gives  an  example  of  a  synthetic  spectrum  in  the 
vicinity  of  6120  A  compared  to  an  experimental  spectrum 
recorded  in  a  static  cell  filled  with  iodine  vapor  at  room 
temperature.  The  predicted  spectrum  was  calculated  for  an 
equilibrium  temperature  of  300  K.  The  agreement  between 
the  experimental  and  predicted  spectrum  is  rather  good 
which  not  only  indicates  that  the  assumptions  stated  above 
are  adequate,  but  most  importantly  allows  unambiguous 
identification  of  the  transitions  excited  by  the  laser. 

5  Experiment _ 

5.1  Pilot  scale  wind  tunnel 

The  pilot  scale  hypersonic  wind  tunnel  used  in  this  study 
has  been  described  in  previous  papers.^"®  The  facility 
operates  with  1  kg  of  pure  iodine  and  on  a  semi-continu- 
ous  basis.  It  has  a  run  phase  which  lasts  approximately  30 
minutes  and  a  recycling  phase  lasting  about  2  hours.  For 
the  purpose  of  this  study,  a  free  jet  expansion  impinging 
on  the  flat  surface  of  a  ceramic  disc  is  investigated.  The 
orifice  diameter  is  2  mm  and  the  leading  edge  of  the  disc  is 
placed  26  mm  downstream  of  the  orifice  exit  plane.  The 
stagnation  temperature  tested  in  this  paper  is  1000  K  and 
the  stagnation  pressure  100  Torr,  at  these  conditions  the 
degree  of  dissociation  in  the  stagnation  chamber  is  about 
8%. 

5.2  TLIF  set  up 

An  excimer  pumped  tunable  dye  laser  of  type  Lambda 
Physik  FL  3002  E  is  used  as  laser  source.  In  order  for  the 
laser  to  excite  individual  transitions  at  a  time,  the  tuning 
block  of  the  laser  is  fined  with  an  intra-cavity  etalon  to 


narrow  the  nominal  0.2  cm  *  linewidth  to  0.05  cm  *.  The 
laser  beam  is  fanned  into  a  1.5  mm  thick  sheet  which  illu¬ 
minates  the  entire  flowfield  between  the  orifice  exit  plane 
and  the  disc’s  leading  edge.  Positions  along  the  expansion 
center  axis  are  probed  by  successively  imaging  the  probed 
volume  onto  a  1 .5  mm  diameter  orifice  at  the  entrance  a 
0.85  m  double  spectrometer  (SPEX  1404).  Consequently, 
the  probed  volume  is  a  small  cylinder  1 .5  mm  in  diameter 
and  1.5  mm  long.  The  spectrometer  filters  the  fluorescent 
signal  from  photons  scaaered  at  the  laser  frequency  and  at 
the  overtones  other  than  the  one  of  interest  (Usually  the 
first  overtone).  The  spectral  band  pass  of  the  specuometer 
has  a  width  of  approximately  20  A.  Photon  detection  is 
performed  with  a  thermocooled  photomultiplier  tube 
(RCA  C31034A02)  and  a  box  car  integrator  (Stanford 
Research  System  250).  The  time  gate  during  which  the  flu¬ 
orescent  signal  IS  detected  has  a  width  of  100  nsec  and  is 
centered  about  the  laser  pulse  maximum.  The  fluorescent 
signal  is  normalized  by  laser  power.  Both  fluorescent  sig¬ 
nal  and  laser  energy  are  averaged  over  30  samples.  The 
experiment  is  performed  at  a  laser  repetition  rate  of  30  Hz. 

6  DSMC  computations _ _ 

Application  of  the  direct  Monte  Carlo  Method  (DSMC)  to 
the  iodine  wind  ninnel  flow  is  described  in  detail  in  a  com¬ 
panion  paper.**  A  vectorized  DSMC  code  is  employed*^ 
that  simulates  iheimochemical  nonequilibrium.  In  Ref.  1 1 
physical  constants  are  determined  for  simulation  of  trans¬ 
lational  and  rotational  nonequilibrium  of  iodine  at  the  con¬ 
ditions  investigated  experimentally. 

In  the  DSMC  technique,  the  rate  of  vibrational  relaxation 
is  modeled  using  a  probability  of  exchanging  energy 
between  the  translational  and  vibrational  energy  modes. 
This  is  achieved  for  iodine  using  a  high-temperature  form 
developed  for  air  consisting  of  the  familiar  Landau-Teller 
expression  with  a  collision-limited  correction.*^  In  the 
present  study,  the  parameters  for  the  Laudau-Teller  term 
are  obtained  from  Millikan  and  White.*^  In  Ref.  14  it  is 
shown  that  these  parameters  give  good  agreement  with 
experiment  for  iodine  at  temperatures  below  600  K.  The 
high  temperature  correction  term  requires  a  collision-lim¬ 
iting  vibrational  excitation  cross-section  to  be  chosen.  In 
the  present  work  this  is  set  to  5  10'^*m^.  The  vibrational 
mode  is  simulated  as  a  harmonic  oscillator  with  discrete 
energy  levels  using  the  model  of  Bergemann  and  Boyd.*^ 
Modeling  vibrational  energy  in  quantized  form  allows  the 
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direct  calculation  of  distributions  that  can  be  compared 
with  the  experimental  measurements. 

The  simubtions  employ  an  axisymetric  grid  of  230  x  80 
cells.  This  covers  the  region  along  the  axis  beginning  at  5 
mm  from  the  orifice  and  extending  to  26  mm  where  the 
disc  is  located.  In  the  radial  direction,  a  distance  of  50  mm 
is  covered.  The  disc  surface  is  modeled  as  diffuse  with 
complete  thermal  accommodation  to  a  temperature  of  400 
K.  This  value  is  shown  in  Ref.  11  to  give  good  agreement 
w  ith  the  rotational  temperature  measurements  obtained 
close  to  the  disc  for  all  conditions  investigated.  Flow  con¬ 
ditions  input  to  the  DSMC  code  are  derived  from  analyti¬ 
cal  theory  (see  Ref.  1 1 ).  At  steady  state,  there  are  500,(XK) 
particles  in  the  flow  domain.  To  obtain  solutions  with 
small  statistical  scatter  requires  40  minutes  on  a  Cray  C- 
90. 

7  Results  and  discussion 


7.1  Rotational  population  distributions  and 
temperatures 

Relative  rotational  populations  distributions  are  repre¬ 
sented  in  Fig.  6  on  Boltzmann  plots  where  Ln(A/j(7)/ 
(2J-t-l))  is  plotted  against  7(7+1),  the  population  in  rota¬ 
tional  level  7  being  /7,(7).  The  stagnation  pressure  and 
temperature  of  the  corresponding  test  flow  are  1(X)  Torr 
and  1000  K  respectively.  The  populations  are  displayed 
for  absolute  axial  positions  of  5, 10, 20  and  24  mm  refer¬ 
enced  from  the  orifice  exit  plane.  The  indicated  error  bars 
ore  based  on  variations  in  fluorescent  signal  intensities  due 
to  laser  linewidth  fluctuations.  The  plots  indicate  that 
within  experimental  errors  the  rotational  energy  levels  are 
in  equilibrium.  A  rotational  temperature  may  be  calcu¬ 
lated  from  the  slope  5  of  the  linear  best  fits  to  the  data  and 
the  expression  =  0,  /S,  where  0,  is  the  characteristic 
rotational  temperature  of  iodine  taken  as  0.05375  K.  The 
resulting  rotational  temperatures  at  various  prositions  along 
the  free  jet  center  axis  are  plotted  in  Fig.  7  along  with 
DSMC  predictions  and  isentropic  expansion  predictions*^ 
calculated  for  two  cases  of  specific  heat  ratio  y  of  977  and 
7/5.  The  measured  rotational  temperature  agrees  well  with 
the  isentropic  curve  for  y  =  9/7  which  indicates  that  the 
molecules  in  the  flow  are  both  rotationally  and  vibration- 
ally  activated.  It  may  also  be  noticed  that  the  DSMC.  isen¬ 
tropic  expansion  curve  for  y=  9/7  and  experiment  agree  in 
the  expanding  region.  In  the  compression  region  of  the 


flowfield  however,  the  DSMC  prediction  is  in  poor  agree¬ 
ment  with  the  experimental  data.  The  rise  in  temperature 
computed  with  the  DSMC  technique  ts  fairly  rapid  and 
reaches  a  maximum  value  that  overshoots  the  measure¬ 
ments  even  when  the  spatial  resolution  of  the  probing 
technique  is  taken  into  account.  This  would  indicate  that 
the  probability  of  rotational  energy  exchange  assumed  in 
the  DSMC  calculations  should  be  smaller.  Clearly,  in  the 
high  temperature  region  of  the  flowfield,  the  relaxation  of 
the  rotational  mode  of  the  iodine  molecule  cannot  be  mod¬ 
elled  with  a  single  rate.  Consequently,  the  development  of 
a  more  detailed  rotational  relaxation  model  seems  appro¬ 
priate  to  describe  rotational  energy  transfers  for  diatomic 
molecules  at  higher  temperatures.  A  more  complete  dis¬ 
cussion  dealing  with  this  issue  may  be  found  in  a  compan¬ 
ion  paper.'* 

7.2  Vibrational  population  distributions  and 
temperatures 

Boltzmann  plots  of  the  relative  vibrational  population  dis¬ 
tributions  at  various  axial  positions  are  shown  in  Fig.  8. 
Also  represented  in  these  figures  are  the  corresponding 
DSMC  computations.  The  figures  indicate  that  at  least  for 
low  vibrational  quantum  numbers,  the  energy  levels  are  in 
equilibrium.  Indeed,  independent  calculations  performed 
for  hypersonic  iodir..'  flows  expanding  in  conical  nozzles 
indicate  that  the  vibratio.~l  population  distributions 
become  non-Maxwellian  for  vibrational  quantum  levels 
greats  than  about  10.^^  This  provides  a  strong  incentive 
for  probing  higher  vibrational  quantum  levels.  The  popu¬ 
lation  measurement  in  these  levels  is  possible  because 
strong  transitions  from  these  levels  exist  and  can  be  used 
to  compensate  for  the  expected  drop  of  population  for 
increasing  V .  Such  probing  of  higher  vibrational  levels 
has  been  shown  to  required  laser  exciiation  in  the  red  and 
infrared  part  of  the  spectrum.^ 

In  Fig.  8  the  measured  vibrational  distributions  agree  with 
the  DSMC  predictions  for  axial  positions  z  =  5, 15  and  24 
mm,  while  at  z  =  10  and  20  mm  significant  disagreement 
may  be  observed.  In  addition,  the  measurements  show  sig¬ 
nificant  scatter  in  comparison  to  the  rotational  population 
measurements.  This  is  certainly  due  to  systematic  «‘rrors  in 
the  probing  technique  caused  by  uticenainties  in  either 
transitions  probabilities  (assumption  of  a  constant  elec¬ 
tronic  transition  moment),  or  dissociative  and  predissocia- 
tive  effects  (as  mentioned  in  Section  3.1,  the  decay  rate  of 
the  excited  state  may  be  enhanced  when  the  laser  is  reso- 
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nani  with  a  crossing  point  between  the  B  state  and  another 
dissociative  state).  Improving  the  probing  technique  is 
possible  by  either  measuring  the  decay  rate  of  individual 
excited  states  or  calculating  it  from  first  principles.  The 
rotational  population  measurements  appear  to  be  more 
reliable  than  the  vibrational  data  because  transitions  used 
in  the  former  belonged  to  the  same  vibrational  band  and 
consequently  could  be  excitco  within  a  small  wavelength 
interval.  The  vibrational  population  distributions,  on  the 
other  hand.  a*e  based  on  transitions  from  different  vibra¬ 
tional  b  inds  which  require  laser  pumping  from  a  broader 
spocu-um.  For  example,  in  Fig.  8  the  population  in  K"  =  0 
and  1  is  measured  in  the  5208  A  raiige  and  the  population'^ 
in  V"  =  1, 2,3,4  require  laser  excitation  in  the  6120  A 
range.  To  obtain  the  total  distributions  shown  in  the  figure, 
the  ptipulations  were  matched  at  V"  =  1.  It  is  believed  that 
ih  assumption  of  constant  electronic  transition  moment 
may  be  inadequate  if  transitions  that  are  spectrally  too  far 
apan  are  used  in  the  measuremenL  A  possible  solution  to 
this  problem  is  to  include  the  electronic  transition  moment 
dependence  on  the  /?-ccntroid  in  the  calculations  on  uansi- 
lion  probabilities  (Ref.  Section  3.1). 

Vibrational  temperatures  determined  in  the  same  manner 
as  the  rontional  temperatures  with  a  characteristic  vibra¬ 
tional  temperature  0v  =  308  K  are  ploued  versus  various 
positions  along  the  free  jet  center  axis  These  are  shown  in 
Fig.  9.  The  temperatures  display  fairly  significant  scatter 
bars  due  to  the  inherent  uncertainty  involved  in  the  mea¬ 
surement  of  vibrational  populations.  In  spite  of  their  scat¬ 
ter,  the  vibrational  temperature  appears  to  relax  more 
slowly  than  the  rotational  temperature.  Coincidentally,  the 
DSMC  predictions  indicate  that  the  flow  is  essentially  fro¬ 
zen  however,  since  the  computational  domain  starts  at  an 
axial  position  of  5  mm  and  the  calculated  temperature  at 
this  location  is  immediately  frozen,  it  is  possible  that  a 
computation  w  ith  a  more  extensive  grid  system  would  pre¬ 
dict  freezing  at  a  different  vibrational  temperature.  Conse¬ 
quently,  DSMC  calculations  with  a  computational  domain 
extending  as  close  as  possible  to  the  orifice  exit  plane  need 
to  be  performed  in  future  investigations.  Since  the  number 
density  close  to  the  throat  may  be  of  the  order  of  10**  cm' 
^ ,  such  simulations  may  be  well  suited  for  parallel  compu¬ 
lations. 

8  Conclusions 

The  TLIF  technique  has  been  used  to  successfully  measure 
both  rotational  and  vibrational  population  distributions  In 


a  nonequilibrium  hypersomc  flow  of  iodine  vapor  gener¬ 
ated  in  a  pilot  scale  wmd  tunnel.  The  developed  diagnostic 
technique  has  the  advantages  of  producing  strong  fluores¬ 
cent  signals  and  is  insen^uive  to  quenching.  Rotational 
population  measurements  are  sausfactory  while  the  vibra¬ 
tional  population  distributions  display  significant  scatter. 
The  scatter  appears  to  be  due  to  uncertainties  m  the  com¬ 
puted  transition  probabilities.  The  laaer  should,  in  futum 
studies,  include  the  dependence  of  electronic  transition 
moment  on  intemucicar  distance,  and  a  more  precise 
quantification  of  the  effects  of  dissociation  and  predissoci¬ 
ation.  Vibrational  population  distributions  have  been  mea¬ 
sured  for  the  first  five  vibrational  levels  of  the  X  state.  The 
probing  of  higher  vibrational  levels  appears  feasible  ar  d 
requires  laser  excitation  at  wavelength  in  the  red  and  infra¬ 
red. 

Rotational  temperatures  predicted  with  the  DSMC  tech¬ 
nique  agree  fairly  well  with  the  measurements  in  the 
expansion  region  of  the  flowfield.  In  the  compression 
region  the  agreement  is  poor,  which  indicates  that  more 
refined  experiments  are  needed  and  that  detailed  models  of 
rotational  energy  relaxation  have  to  be  included  in  the  pre¬ 
diction  scheme.  The  DSMC  prediction  of  vibratioiial  tem¬ 
peratures  indicates  that  simulations  with  a  larger 
computational  domain  need  to  be  performed  in  order  to 
confirm  the  apparent  freezing  trend  seen  in  the  measure¬ 
ments. 

The  work  described  here  proves  concepts  for  generating 
and  probing  nonequilibrium  chemically  reacting  hyper¬ 
sonic  flows  of  iodine  vapor.  Several  improvements  of  the 
technique  are  feasible.  Although  the  measurements  per¬ 
formed  in  this  study  are  preliminary,  they  indicate  that 
more  detailed  models  for  internal  energy  exchanges  are 
needed  for  acci"ate  predictions  of  nonequilibrium  flow 
properties  of  diatomic  gases.  More  accurate  and  refined 
measurements  are  needed  to  improve  the  probing  tech¬ 
nique  and  confirm  ’Jic  need  for  new  models. 

9  Acknowledgments 


This  work  was  supported  by  URl  grant  #  AFOSR-90- 
0170. 

10  References 


AIAA  93- 2996  page  7 


1  Kune,  J.  A..  Muntz.  E.  P,  and  Weaver,  D.  P.,  “Model 
Gases  for  the  Detailed  Study  of  Microscopic  Chemical 
Nonequilibrium  in  Diatomic  Gas  Flows.”  AIAA  90-1662. 

2  Muntz,  E.  P,  Pham-Van-Diep,  G.  C,  Bradu  /,  M.  K., 
Erwin,  D.  A.,and  Kunc.J.  A.,  “A code  Validation  Strategy 
and  Facility  for  Nonequilibrium,  Reacting  Flow.”  AIAA 
92-3970. 

3  Sharma,  S.  P.  and  Ruffin,  S.  M.,  “Nonequilibrium 
Vibrationai  Population  Measurements  in  an  Expanding 
Flow  Using  Spontaneous  Raman  SpectroscoDv."  AIAA- 
92-2855. 

4  Pham-Van-Diep,  G.  C.,  Muntz,  E.  P,  Weavei,  D.  P, 
Dewitt,  T.  G.,  Bradley,  M.  K.,  Erwin,  D.  A.  and  Kune,  J. 
A.,  “An  iodine  Hypersonic  Wind  Tunnel  for  the  Study  of 
Nonequilibrium  Reacting  Rows.”  AIAA  92-0566. 

5  Pham-Van-Diep,  G.  C.,  Muntz,  E.  P,  Erwin,  D.  A.,  and 
Kune,  J.  A.,  “Measurement  of  Rotational  Temperature  in  a 
Free  Jet  Flow  of  Chemically  Reacting  Iodine  Vapor,”  18*" 
International  Symposium  on  Rarefied  gas  Dynamics, 
Vancouver,  July  1992. 

6  Brewer,  L.,  and  Tellinghuisen,  J.,  “Quantum  Yield  for 
unimolccular  dissociation  of  I2  in  the  visible  absorption,” 
J.Chcm.  Phv.s..  56,  8,  1972,  pp.  3929-38. 

7  Malliken,  R.,  “Iodine  revisited,”  J.  Chem.  Phvs..  55, 1, 
1970,  pp.  288-309. 

8  Pham-Van-Diep,  G.  C., "Chemically  Reacting, 
Hypersonic  Flows  of  Iodine  Vapor  for  the  Study  of 
Nonequilibrium  Phenomena  in  Diatomic  Gases,”  Ph,  D. 
Thesis.  University  of  Southern  California,  August  1993. 

9  Steinfeld,  J.  I.,  “Wavelength  Dependence  of  the 
Quenching  of  Iodine  Fluorescence.”  J.  Chem.  Phvs..  44, 7, 
1965,  pp.  2740-49. 

10  Capelle,  G.  E.,  and  Broida,  H.P,  “Lifetimes  and 
Quenching  Cross  Section  of  I2,”  J.  Chem.  Phvs..  58, 1972, 
pp.  4212-22. 

1 1  Boyd,  I.  D.,  Pham-Van-Diep,  G.  C.,  and  Muntz,  E.  P, 
“Monte  Carlo  Computation  of  Nonequilibrium  Flow  in  a 
Hypersonic  Iodine  Wind  Tunnel,”  AIAA  93-2871. 

12  Boyd,  I.  D.,  and  GOk^en,  T,  “Computation  of 
Axisymeuic  Ionized  Rows  Using  Panicle  and  Continuum 
Methods.”  AIAA-93-0729. 

1 3  Boyd,  I.  D.,  “Analysis  of  Vibralional-Dissociaiion- 
Recombination  Process  Behind  Strong  Shock  Waves  of 
Niu~ogen."  Phvs.  Fluids  A.  4.  1992,  pp.  178-85. 

14  Millikan,  R.  C.,  and  White,  D.  R.,  “Systematics  of 
Vibrational  Relaxation,”  J.Chem.  Phvs..  39, 12, 1%3.  pp. 


3209-13. 

15  Bergemann,  F,  and  Boyd,  1.  D.,  “New  Model  for 
Discrete  Vibrational  Ener^  in  the  Direct  Simulation 
Monte  Carlo  Method,”  18^  International  Svmtx)sium  on 
Rarefied  gas  Dynamics.  Vancouver,  July  1992. 

16  Hertzbeig,  G.,  “Molecular  Spectra  and  Molecular 
Structure.  I.  Spectra  of  Diatomic  Molecules,”  Robert  E. 
Kreger  Publishing  Co.  Malabar,  Rorida,  1989. 

17  Ashkenas,  H.,  and  Sherman,  F.  S.,  “Structure  and 
Utilization  of  Supersonic  Free  Jets  in  Low  Density  Wind 
Tunnels,”  4“  International  Symposium  on  Rarefi^  gas 
Dynamics.  J.  H.  de  Leeuw  ed.  Vol.  2.  Academic  Press, 
Toronto,  1966. 

18  Gerstenkom,  S.,  and  Luc,  P,  “Description  of  the 
Absorption  Spectrum  of  Iodine  Recorded  by  Means  of 
Fourier  Transform  Spectrometry:  the  (B-X)  System,”  L. 
Physique.  46.  1985,  pp.  867-81. 

19  Martin,  F,  Bacis,  R.,  Churassy,  S.,  and  Vergbs,  J., 
“Laser  Induct  Ruorescence  Fourier  Transform 
Spectrometry  of  the  X  State  of  h  Extensive  Analysis  of  the 
B-X  Ruorescence  Spectrum  of  12,”  J.  Mol.  Spec..  116, 
1986,  pp.  71-100. 

20  Chutjian,  A.,  Link,  J.  K.,  and  Brewer,  L., 
“Measurement  of  Lifetimes  and  Quenching  Cross  Sections 
of  the  B  State  of  L.”  J.  Chem,  Phvs..  46,  7, 1966,  pp. 
2666-75. 

21  Sakurai,  K.,  Capelle,  G.,  and  Broida,  H.  P, 
“Measurement  of  Lifetimes  and  Quenching  Cross  Sections 
of  the  S  State  of  Iodine  using  a  Tunable  Dye  Laser."  J. 
Chem.  Phvs.  54, 3,  1976,  pp.  1220-23. 

22  Bradley,  M.  K.  Private  communications. 


AIAA  93-2996  page  8 


Bd»  \  Bi2  Bz 


FIGURE  1 :  Two  level  energy  diagram  used  to  model 
TLIF  process. 
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FIGURE  2;  Intermolecular  potentials  of  the  iodine 

molecule  relevant  to  the  analysis  of  the  TLIF 
technique. 
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FIGURE  3:  Upper  state  response  to  pulsed  laser 

excitation  for  a  variety  of  transitions.  Also 
shown  is  the  laser  pulse  shape  assumed  in 
the  calculation  of  Niit). 


FIGURE  S:  Experimental  and  synthetic  spectra 

compared  for  the  purpose  of  identification  of 
transitions  excited  by  the  laser.  The 
experiment  is  performed  in  a  staitc  cell  of 
iodine  maintained  at  room  temperaoire.  The 
synthetic  spectrum  is  calculated  to  an 
equilibrium  tempoature  of  300  K. 
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FIGURE  6:  Boltzmann  plots  of  rotational  populations 
for  z  (axial  distance  on  the  firee  jet  center 
axis)  =  a)  5.  b)  10.  c)  20,  d)  24  mm. 
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FIGURE  7:  Rouuional  temperature  along  the  free  jet 
centerline  for  a  stagn^on  temperature  of 
1000  K  and  a  stagnation  pressure  100  Torr. 


1000  K  and  a  stagnation  pressure  of  100 
Torr. 
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Abstract 

The  nonequilibrium  flow  formed  by  the  interaction 
of  a  free-jet  of  iodine  vapor  impinging  on  a  blunt  body 
is  investigated  using  numerical  and  experimental  tech¬ 
niques.  The  computational  approach  employs  the  di¬ 
rect  simulation  Monte  Carlo  method.  The  experimen¬ 
tal  measurements  consist  of  rotational  temperature  ob¬ 
tained  along  the  flow  axis  and  include  portions  of  both 
the  free-jet  expansion  and  blunt- body  shock  for  four 
different  stagnation  conditions.  Direct  comparison  of 
the  numerical  results  and  the  experimental  data  are 
quite  successful  at  moderate  temperatures.  Hence,  the 
rotational  collision  time  of  iodine  is  estimated  in  the 
temperature  range  of  100-500  K.  At  higher  temper¬ 
atures,  the  agreement  between  simulation  and  mea¬ 
surement  is  less  satisfactory.  This  demonstrates  the 
requirement  for  the  development  of  a  more  detailed 
approach  to  simulating  rotational  nonequilibrium  in 
high-temperature  flows  of  diatomic  species. 

Introduction 

Aerospace  vehicles  traveling  at  hypersonic  speed 
and  at  high  altitude  produce  flow  fields  that  are  in 
thermochemical  nonequilibrium.  Many  years  of  both 
experimental  and  numerical  research  have  been  spent 
in  the  study  of  these  flows.  Detailed  experimental 
study  of  hypersonic  flows  of  air  requires  the  latest  op¬ 
tical  diagnostic  techniques.  However,  even  when  these 
are  available,  it  is  difficult  to  reproduce  in  ground- 
based  facilities  the  high-enthalpy  flow  conditions  ex¬ 
perienced  in  flight.  In  the  literature,  there  are  very 
few  experimental  studies  indeed  that  have  provided 
much  insight  into  the  coupled  physical  relaxation  phe¬ 
nomena  characteristic  of  low-density  hypersonic  flow. 
This  lack  of  data  has  severely  restricted  the  develop¬ 
ment  of  more  sophisticated  numerical  techniques  and 

*  Assistant  Professor.  School  of  Mechanical 
and  Aerospace  Engineering, 
t  Graduate  Assistant.  Aerospace  Engineering, 
t  Professor.  Aerospace  Engineering 

Copyright  (^1993  by  the  American  Inititute  of  Aeronautici  and 
Astronautics,  Inc.  All  rights  reserved. 


models  for  computing  such  flow  fields.  Therefore  there 
exists  a  very  real  amd  urgent  requirement  for  detailed 
experimental  investigation,  and  accompanying  numer¬ 
ical  analysis,  of  hypersonic  flows  in  thermochemical 
nonequilibrium. 

It  has  been  proposed^  that  iodine  represents  a  con¬ 
venient  model  gas  for  investigation  of  hypersonic  non¬ 
equilibrium  flow  phenomena.  This  is  mainly  due  to 
the  lower  characteristic  temperatures  for  vibration  and 
dissociation  of  iodine  in  comparison  with  the  diatomic 
constituents  of  air.  A  significant  degree  of  thermo- 
chemical  nonequilibrium  is  therefore  observed  at  rela¬ 
tively  low  enthalpies.  This  feature  of  iodine  presents 
promising  possibilities  for  detailed  experimental  inves¬ 
tigation  in  ground-based  facilities  using  modem  opti¬ 
cal  diagnostics  techniques.  A  pilot  scale  hypersonic 
wind  tunnel  that  operates  on  pure  iodine  vapor  has 
been  designed  amd  tested  at  the  University  of  Southern 
California^.  A  preliminary  set  of  rotational  tempera¬ 
ture  measurements  for  a  free-jet  of  iodine  impinging 
on  a  blunt  body  were  reported  in  Ref.  2.  This  flow 
represents  an  interesting  configuration  as  the  gas  first 
expands  firom  the  orifice,  and  is  then  compressed  by 
the  blunt  body.  Therefore,  any  numerical  approach 
must  successfully  simulate  each  of  these  important  flow 
phenomena. 

A  powerful  numerical  technique  for  computing  low- 
density  nonequilibrium  flows  is  the  direct  simulation 
Monte  Carlo  method  (DSMC).  This  method  offers 
unique  opportunities  for  simulating  in  great  detail 
the  thermochemical  nonequilibrium  that  occurs  in  the 
flows  of  interest.  In  previous  studies,  successful  com¬ 
parisons  between  DSMC  and  experimentally  measured 
distributions  for  velocity®  and  rotational  energy*  have 
been  made.  The  main  purpose  of  the  present  paper  is 
to  make  comparison  of  numerical  results  obtained  us¬ 
ing  the  DSMC  technique  and  new  experimental  data 
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large,  and  the  orihce  diameter  sufficiently  small,  to 
ensure  continuum  flow.  However,  the  density  decays 
rapidly  as  the  gas  expands  away  from  the  oriflce. 
The  Knudsen  number  associated  with  the  shock  wave 
formed  at  the  blunt  body  is  therefore  relatively  large. 
Due  to  this  low-density  nature  of  the  expanding  iodine 
flow,  the  DSMC  technique  is  an  appropriate  numeri¬ 
cal  approach.  The  DSMC  computations  begin  at  a 
distance  of  5  mm  from  the  orifice  exit.  The  compu¬ 
tational  domain  extends  to  26  mm  along  the  axis  and 
to  50  mm  radially.  The  disc  is  36.25  mm  high  in  the 
^lxisymmetric  grid.  It  is  assumed  that  the  surface  of 
the  disc  is  diffusely  reflecting  with  full  accommodation 
to  the  wall  temperature.  The  disc  is  made  of  a  ceramic 
material  that  will  be  heated  by  the  compressed  gas  to 
an  unknown  extent.  A  wall  temperature  of  400  K  is 
used  in  all  simulations.  Except  for  the  inlet  plane  and 
the  surfctce  of  the  disc,  all  other  boundaries  are  treated 
as  expeinsion  into  a  vacuum. 

The  flow  conditions  input  to  the  DSMC  code  at  the 
upstream  boundary  are  calculated  using  the  theory  of 
Ashkenas  and  Sherman.^  In  Ref.  9,  the  Mach  number, 
Af ,  at  a  distance  i  along  the  axis  of  a  free- jet  formed 
from  an  orifice  of  diameter  D  is  given  by: 


y-l 


(3) 

The  constants  A  and  Xg  are  determined  in  Ref.  9  for 
values  of  the  ratio  of  specific  heats  7=5/3,  7/5,  and 
9/7.  These  values  of  7  correspond  to  full  equilibration 
of  the  translational,  rotational,  and  vibrational  modes 
of  a  diatomic  molecule  respectively.  Using  the  Mach 
number  defined  by  Eq.  (3),  together  with  the  isentropic 
relationships  and  the  stagnation  conditions,  all  fluid 
properties  are  obtained  as  a  function  of  distance  along 
the  jet  axis.  At  a  fixed  distance  from  the  orifice  exit, 
the  distribution  of  density  at  an  angle  9  to  the  axis  is 
described  in  Ref.  9  by  the  relation; 


— — —  =  cos  — 
p(0)  2(t> 


(4) 


where  ^  is  a  constant  again  evaluated  at  the  3  different 
values  for  7.  Using  the  density  defined  by  Eq.  (4),  and 
the  isentropic  relationships,  the  angular  dependence 
of  all  properties  is  evaluated.  In  this  manner,  Eqs.  (3) 
and  (4)  are  employed  to  derive  the  flow  properties  at 
the  upstream  boundary  of  the  DSMC  calculation.  For 
each  of  the  conditions  investigated,  the  value  of  7  is 
varied  until  the  temperature  on  the  axis  is  equal  to  the 


experimental  measurement  of  rotational  temperature 
at  a  distance  of  5  mm  from  the  orifice.  In  general,  the 
values  of  7  employed  in  this  way  are  equal  to  or  just 
greater  than  9/7.  Thus,  in  all  cases,  the  gas  is  close  to 
full  vibrational  equilibrium  at  the  DSMC  inlet  plane. 
Linear  interpolation  is  used  to  estimate  the  values  of 
A,  Xo,  and  ^  required  in  the  above  equations  for  the 
values  of  7  lying  between  9/7  and  7/5.  Of  course, 
this  approach  to  defining  the  input  flow  conditions  is 
approximate.  The  values  of  7  employed  in  each  of  the 
4  cases  considered  are  listed  in  Table  1. 

In  the  present  study,  a  vectorized  DSMC  code*®  is 
employed.  This  code  models  2-d  axisymmetric  flow, 
and  includes  the  effects  of  translational,  rotational, 
vibrational,  and  chemical  nonequilibrium.  For  trans¬ 
lational  nonequilibrium,  detailed  calculations  for  the 
collision  cross-sections  of  iodine  reported  by  Kang  and 
Kune**  are  employed  to  obtain  appropriate  param¬ 
eters  in  the  Variable  Hard  Sphere  (VHS)  collision 
model. *^  Using  this  approach,  it  is  found  that  the  ref¬ 
erence  collision  diameter  is  8.8x10“*°  m,  the  viscos¬ 
ity  temperature  exponent  is  u;=0.945,  at  a  reference 
temperature  of  273  K.  Comparison  of  the  variation 
of  viscosity  with  temperature  obtained  with  these  pa¬ 
rameters  in  the  VHS  model,  and  the  detailed  calcu¬ 
lations  of  Ref.  11,  are  shown  in  Fig.  2.  Experimental 
data  points  are  also  included  and  indicate  that  the 
theoretical  models  are  quite  accurate.  The  VHS  pa¬ 
rameters  reveal  that  iodine  has  a  very  large  collision 
diameter,  and  a  very  soft  potential  that  is  close  to  the 
ideal  Maxwellian  molecule. 

Rotational  nonequilibrium  is  simulated  in  the 
DSMC  code  using  the  probability  of  Boyd*^  that  de¬ 
pends  on  the  total  energy  of  each  collision,  Cc,  in  the 
following  way: 


■'r(c  +  i-u;)  T 

r(C-h2-u.)  (kT*\ 
r(C-H-u;)  Uc  A4  ) 


(5) 


where  T"  is  a  temperature  characteristic  of  the  po¬ 
tential  of  the  molecule.  Zoo  is  the  maximum  collision 
number,  and  Q  is  the  average  number  of  degrees  of 
freedom  participating  in  a  collision.  For  iodine,  T*  is 
given  in  Ref.  14  as  557  K.  A  search  in  the  literature  re¬ 
vealed  no  previous  studies  of  the  rotational  relaxation 
rate  of  iodine.  In  the  present  study,  Zoo  is  therefore 
treated  cis  a  free  parameter  to  be  determined  by  com¬ 
parison  of  the  simulation  results  with  the  experimental 
measurements  of  rotational  temperature. 
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for  rotational  temperature.  For  application  to  the  io¬ 
dine  wind-tunnel,  it  is  necessary  to  develop  the  appro¬ 
priate  relaxation  constants  to  be  used  in  the  DSMC 
models.  By  successful  comparison  with  the  experimen¬ 
tal  data,  a  rotational  relaxation  time  for  iodine  at  low 
temperatures  is  estimated.  Generad  flow  field  prop¬ 
erties  computed  with  the  DSMC  technique  are  also 
discussed. 

Experimental  Facility 

The  pilot  facility  operates  at  a  range  of  stagnation 
chamber  conditions.  Two  different  pressures  (30  and 
100  Torr)  and  two  different  temperatures  (773  and 
1000  K)  are  considered.  Under  these  conditions  the 
degree  of  dissociation  of  iodine  is  less  than  5%.  The 
4  different  cases  examined  in  this  study  are  listed  in 
Table  1.  The  iodine  vapor  is  expanded  through  an 
orifice  of  diameter  2  mm  into  a  vacuum  chamber  at  a 
background  pressure  maintained  at  10“'*  Torr.  At  a 
distance  of  26  mm  from  the  orifice  a  7.25  cm  diameter 
disc  is  located. 

Diagnostic  Technique 

The  relative  population  of  Ij  molecules  in  a  given 
rovibrational  state  is  measured  using  Transient  Laser 
Induced  Fluorescence  (TLIF).  The  technique  has  the 
advantage  of  generating  strong  and  easily  detectable 
signals.  Moreover,  because  the  excitation  is  achieved 
by  means  of  a  30  nsec  laser  pulse,  the  signal  is  insensi¬ 
tive  to  quenching  provided  the  fluorescence  is  detected 
during  a  small  enough  time  gate(=100  nsec)  centered 
about  the  maximum  of  the  fluorescence  pulse.  A  de¬ 
tailed  description  of  the  TLIF  technique  used  in  this 
study  is  the  subject  of  a  compzmion  paper.® 

To  probe  individual  rovibrational  levels  of  the 
molecules  composing  the  flow  field,  a  narrow  band 
tunable  dye  laser  excites  the  I2  molecules  from  a  rovi¬ 
brational  level  (V",  J")  of  the  ground  electronic  state 
X(^Zg)  to  a  rovibrational  level  {V,  J')  of  the  B(®no) 
state.  For  individual  transitions  to  be  excited,  the 
laser  line  width  has  to  be  of  the  order  of  0.5  cm~‘. 
This  requires  installation  of  an  air-spaced  intracavity 
etalon  in  the  laser  tuning  block.  Emission  spectra  are 
obtained  by  scanning  the  laser  wavelength,  i.e.  suc¬ 
cessively  exciting  levels  of  the  X  state  to  levels  of  the 
B  state.  The  fluorescence  signal  is  observed  through 
a  fixed  wide  spectral  window  (=20  A)  of  a  spectrome¬ 
ter  whose  main  purpose  is  to  filter  scattered  photons  at 
the  laser  frequency  and  at  the  overtones  other  than  the 
one  detected  by  the  spectrometer.  The  intensity  of  the 
fluorescence  signal  //luo  is  a  measure  of  the  population 


in  level  provided  the  transition  strengths  for 

both  the  absorption  {B12)  tmd  emission  (A23)  phases 
are  known.  The  indices  1,  2  and  3  correspond  to  the 
initial  lower  state,  intermediate  upper  state,  and  final 
lower  state  respectively.  In  this  study,  B12  and  .423 
are  calculated  from  radiative  decay  rates  measured  by 
Capelle  and  Broida.®  A  detailed  description  of  how 
both  absorption  and  emission  transition  strength  are 
computed  can  be  found  in  the  companion  paper. ^  The 
fluorescence  signal  I/tuo  is  normalized  by  laser  energy 
and  the  relative  population  N{V",J")  is  then  calcu¬ 
lated  using: 


N(V",r)(x 


^  fluo 

B12A23  5P(7'')’ 


(1) 


where  SP{J")  is  a  factor  that  accounts  for  the  nu¬ 
clear  spin  of  the  molecule.  It  takes  a  value  of  7  if  J' 
is  odd  and  5  if  J'  is  even.  The  transitions  chosen  for 
rotational  population  measurement  are:  (19,0)  P129, 
(20,0)  P154,  (17,0)  R42,  (17,0)  R38,  (17,0)  R43,  (18,0) 
RlOl,  (17,0)  P39.  They  require  laser  excitation  at 
approximately  5683  A  and  have  been  identified  previ¬ 
ously  by  means  of  Fourier  spectrometry.^  Although  the 
selected  transitions  absorb  frequencies  in  the  vicinity 
of  Kr+  laser  lines,  chosen  transitions  are  not  limited  to 
those  corresponding  to  common  lasers.  Indeed,  Dun¬ 
ham  expansion  coefficients  have  been  determined  for 
a  large  number  of  rovibrational  levels  for  both  the  X 
and  B  states.®  Consequently,  transitions  can  be  cho¬ 
sen  judiciously  to  cover  a  large  number  of  rotational 
quantum  numbers  while  requiring  small  spectral  laser 
scans.® 

The  relative  populations  in  a  selected  number  of  ro¬ 
tational  levels  are  analyzed  on  a  Boltzmann  plot  where 
J")/{2J"  +  \)  is  plotted  versus  J"{J"  +  1).  An 
example  of  this  is  shown  in  Fig.  1  for  the  particular 
case  of  a  stagnation  pressure  of  100  Torr,  a  stagnation 
temperature  of  773  K,  and  an  axi2il  position  in  the 
free-jet  of  5  mm  from  the  orifice.  It  is  found  that  the 
data  is  easily  fitted  linearly  within  experimental  er¬ 
rors.  Under  the  assumption  that  the  rotational  energy 
is  in  equilibrium,  a  rotational  temperature  Trot  is  de¬ 
termined  based  on  the  slope  S  of  the  best  linear  fit  and 
the  characteristic  rotational  temperature  =0.053  K 
using  the  expression; 


Trot  =  6rlS.  (2) 

Numerical  Investigation 
Near  the  exit  of  the  orifice,  the  density  is  sufficiently 
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The  expression  in  Eq.  (5)  is  obtained  from  a 
temperature-dependent  form  proposed  by  Parker.**  ** 
For  application  to  iodine,  due  to  the  relatively  large 
value  of  7”,  it  is  considered  appropriate  to  include  an 
extra  term  in  Parker’s  model  and  thus  obtain  the  fol¬ 
lowing  DSMC  probability: 


0,  Zoo  =  Eq-  (5)  + 


r(C  +  2-a;) 
nc  +  ^-u;) 


(6) 


In  Ekj.  (6),  it  is  necessary  to  employ  a  larger  value  of 
Zoo  to  be  consistent  with  Eq.  (5)  at  low  temperatures. 

Analysis  of  vibrational  relaxation  in  iodine  is  also 
included  in  the  DSMC  calculation.  This  subject  is 
discussed  in  detail  in  a  separate  study.*  Dissociation 
rates  for  iodine  are  also  implemented  in  the  current 
study  and  are  obtained  from  Davidson.*^  It  is  found 
under  the  flow  conditions  investigated,  however,  that 
almost  no  chemical  reactions  occur. 

Results  and  Discussion 

The  DSMC  simulations  reported  in  this  section  em¬ 
ploy  a  computational  grid  that  consists  of  230  cells 
axially  and  80  cells  radially.  The  topology  is  nonuni¬ 
form  and  accounts  for  local  variations  in  the  mean  free 
path.  Typical  simulations  employ  500,000  particles. 
Execution  times  on  a  Cray  C-90  are  of  the  order  of  40 
minutes. 

To  gain  an  idea  of  the  flow  fields  involved  in  these 
studies,  the  high  pressure  and  high  temperature  con¬ 
ditions  of  Case  1  are  first  considered.  One  reason  for 
emphasizing  this  case  is  the  fact  that  the  continuum 
Ashkenas-Shermtin  theory  is  most  valid  for  these  con¬ 
ditions.  Thus,  the  data  along  the  DSMC  inlet  plane 
located  at  5  mm  from  the  orifice  should  be  most  ac¬ 
curate.  It  is  also  worth  noting  that  the  value  of  7  is 
9/7  under  these  conditions.  The  variation  in  density 
along  the  jet  centerline  for  this  case  is  shown  in  Fig.  3 
and  compared  with  the  theory  of  Ref.  9.  It  is  found 
that  the  DSMC  solution  initially  follows  the  Ashkenas- 
Sherman  theory,  then  undergoes  slightly  faster  expan¬ 
sion,  before  the  effect  of  the  blunt-body  starts  to  form 
a  thick,  diffuse  shock.  Similar  trends  are  observed  for 
the  variation  in  temperature  along  the  axis.  The  com¬ 
parison  between  the  theory  and  the  translational  tem¬ 
perature  computed  using  ’,SMC  is  shown  in  Fig.  4. 
Note  the  very  high  temperature  attained  by  the  gas  in 
the  shock.  More  detailed  quantitative  comparisons  be¬ 
tween  DSMC  and  experiment  are  provided  later  in  this 
section.  Contours  of  the  ratio  of  local  to  free  stream 
density  for  the  entire  flow  field  are  shown  in  Fig.  5. 


The  non-uniform  upstream  profile  is  clearly  seen.  The 
shock  structure  formed  in  front  of  the  body  is  rather 
interesting.  The  decrease  in  density  away  from  the 
axis  causes  a  perceptible  thickening  of  the  shock  in 
the  radial  direction.  This  behavior  is  2ilso  obser\ed  in 
fluorescence  images  generated  in  the  experimental  fa¬ 
cility.  TYanslational  temperature  contours  for  Case  1 
are  shown  in  Fig.  6.  These  again  show  the  grauiual  de¬ 
cay  due  to  expansion,  followed  by  a  sharp  increase  due 
to  the  compression  of  the  gas  at  the  blunt  body.  The 
exp2msion  fan  that  forms  immediately  above  the  ver¬ 
tical  plane  representing  the  blunt  body  is  also  evident 
in  this  figure. 

Detailed  consideration  is  next  given  to  the  compar¬ 
ison  of  the  DSMC  results  with  the  experimental  mea¬ 
surements  of  rotational  temperature  along  the  axis.  In 
Fig.  7  the  results  for  case  1  (see  Table  1)  are  shown. 
The  two  different  DSMC  results  correspond  to  the  use 
of  Eqs.  (5)  and  (6)  for  simulating  the  rate  of  rotational 
relaxation.  For  each  of  the  simulations,  there  is  very 
good  agreement  obtained  in  the  expansion  region  of 
the  flow  field.  These  results  are  computed  using  val¬ 
ues  for  Zoo  of  75  in  Eq.  (5)  and  150  in  Eq.  (6).  Note 
that  a  value  of  Zoo=50  is  obtained  using  the  theory 
of  Parker.**  A  comparison  of  the  rotational  collision 
numbers  obtained  using  Eqs.  (5)  and  (6)  using  these 
values  is  shown  in  Fig.  8  as  a  function  of  temperature. 
Note  that,  at  higher  temperatures,  Eq.  (6)  gives  higher 
collision  numbers  while  the  two  models  give  similar 
values  at  lower  temperatures. 

The  computed  rotational  temperatures  are  in  rather 
poor  agreement  with  the  experimental  data  in  the 
compression  region  of  the  flow  field.  With  either 
relaxation  model,  the  rise  in  rotational  temperature 
computed  using  DSMC  is  much  too  rapid.  This  in¬ 
dicates  that  the  probability  of  rotational  energy  ex¬ 
change  should  be  smaller  at  higher  temperatures.  A. 
small  improvement  is  obtained  by  including  the  extra 
term  in  Eq.  (6).  Clearly,  further  terms  of  this  type  may 
improve  the  simulation  results  further.  However,  such 
anadysis  is  purely  speculative.  The  original  theory  of 
Parker  does  not  permit  the  inclusion  of  further  terms, 
so  they  could  only  be  added  in  an  artificial  manner.  A 
more  satisfactory  solution  to  the  problem  lies  in  the  de¬ 
velopment  of  more  detailed  rotational  relaxation  mod¬ 
els  that  account  for  high  temperature  effects.  Almost 
certainly,  at  these  higher  temperatures,  the  relaxation 
of  the  rotational  mode  of  a  diatomic  molecule  cannot 
be  described  by  a  single  rate.  The  observation  that 
the  rotational  relaxation  rate  is  slower  at  high  temper- 
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atures  than  the  Parker  model  predicts  has  also  been 
made  recently  for  nitrogen.'®  The  fact  that  a  similar 
conclusion  is  drawn  here  for  iodine  gives  strong  evi¬ 
dence  that  high  temperature  nonequilibrium  behavior 
in  air  may  be  analyzed  qualitatively  through  study  of 
alternative  molecular  species  such  as  iodine. 

Comparisons  of  the  rotational  temperatures  ob¬ 
tained  tiloag  the  axis  by  simulation  and  measurement 
are  made  in  Figs.  9-11  respectively  for  the  other  3 
Cases.  The  effect  of  the  reduced  stagnation  pressure 
in  Fig.  9  is  to  increase  the  shock  thickness  and  standoff 
distance  considerably.  Simultaneously,  because  of  the 
lower  densities,  there  is  significantly  less  rotational  re¬ 
laxation,  leading  to  a  higher  minimum  rotational  tem¬ 
perature.  The  effects  of  Cases  3  and  4  are  mainly  just 
direct  scaling  of  the  temperature  from  1000  to  773  K: 
however,  there  are  also  smaller  differences  caused  by 
the  temperature  dependence  of  the  rotational  relax¬ 
ation  model  employed.  All  of  the  simulations  em¬ 
ployed  Eq.  (6)  as  the  rotational  relaxation  model.  The 
same  conclusions  that  are  drawn  ffom  Fig.  7  are  again 
applicable  to  the  results  in  Figs.  9-11.  Specifically, 
for  moderate  temperatures,  the  rotational  relaxation 
rate  is  quite  accurately  simulated  using  Eq.  (6).  How¬ 
ever,  once  the  translational  temperature  increases  in 
the  shock  front,  the  simulations  compute  a  rotational 
relaxation  rate  that  is  too  high.  In  all  the  simulations 
performed,  the  value  of  the  wall  temperature  is  found 
to  have  almost  no  effect  on  the  rise  of  the  rotational 
temperature  in  the  shock  front.  This  behavior  is  en¬ 
tirely  due  to  the  compression  of  the  gas.  The  wail 
temperature  does  determine  the  post-shock  relaxation 
behavior  at  small  distances  from  the  wall.  For  the 
present  studies,  the  value  of  400  K  is  found  to  give 
reasonable  agreement  for  each  of  the  four  conditions 
investigated. 

The  measurements  of  rotational  temperature  re¬ 
ported  in  the  current  study  should  be  viewed  with  a 
certain  degree  of  caution.  Further  investigations  in  a 
larger-scale  facility  are  required  for  verification  of  the 
data.  It  is  also  desirable  to  study  flow  in  a  simpler  con¬ 
figuration  such  as  a  normal  shock  wave.  Nevertheless, 
it  is  concluded  from  the  present  comparisons  of  numer¬ 
ical  results  and  experimental  data  that  the  rotational 
relaxation  rate  of  iodine  vapor  is  quite  well  described 
by  Eq.  (6)  for  the  temperature  range  of  100  to  500  K. 
Using  the  parameters  derived  earlier  for  the  VHS  colli¬ 
sion  model  the  elastic  collision  time  for  iodine,  may 
be  evaluated  as  a  function  of  temperature.  Then .  the 
rotational  collision  time,  t^,  may  be  derived  usin"  the 


definition: 

Tr  —  X  Tp.  (  I  ) 

The  rotational  relaxation  time  obtciined  in  this  manner 
is  multiplied  by  pressure  (in  Atmospheres)  and  shown 
in  Fig.  12  as  a  function  of  temperature.  At  higher  tem¬ 
peratures,  the  rotational  collision  time  obtcined  from 
Eq.  (7)  is  too  small. 

Conclusio_n 

Advanced  numerical  and  experimental  techniques 
have  been  applied  to  nonequilibrium  flows  of  iodine 
vapor.  Successful  comparisons  of  rotational  tempera¬ 
tures  obtained  vith  these  methods  have  permitted  a 
rotational  relaxation  time  for  iodine  to  be  estimated 
for  the  first  time.  The  behavior  of  iodine  at  high 
temperatures  indicates  that  rotational  relaxation  can¬ 
not  be  described  by  a  single  rate  under  such  condi¬ 
tions.  This  type  of  behavior  almost  certainly  also  oc¬ 
curs  in  the  diatomic  species  of  air.  The  present  study 
therefore  provides  a  first  indication  that  iodine  vapor 
does  represent  a  model  gas  that  provides  experimen¬ 
tal  access  for  investigation  of  thermochemical  nonequi¬ 
librium  phenomena.  The  detailed  measurements  ob¬ 
tained  in  the  experimental  facility  may  now  be  em¬ 
ployed  for  the  development  of  more  accurate  rotational 
relaxation  models,  Investigation  in  a  full-scale  facil¬ 
ity  should  be  undertaken  to  verify  the  data  reported 
here.  Through  further  increases  in  the  stagnation  en¬ 
thalpy,  additional  studies  of  vibrational  and  chemical 
nonequilibrium  in  iodine  using  experimental  and  nu¬ 
merical  i.iethods  should  yield  important  information 
on  these  processes  for  diatomic  species. 
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l^ble  1.  Flow  conditions. 


Case 

Po  (Torr) 

To  (K) 

7 

1 

100 

1000 

1.286 

2 

30 

1000 

1.320 

3 

100 

773 

1.310 

4 

30 

773 

1.325 
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Fig.  1.  Boltzmann  plot  for  rotationed  temperature. 


Fig.  2.  Temperature  dependence  for  the  viscosity  co¬ 
efficient  of  iodine. 
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Fig.  3.  Comparison  of  density  along  the  axis  predicted 
by  the  Ashkenas-Sherman  theory  and  by  DSMC  for 
Case  1. 
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Fig.  4.  Comparison  of  temperature  along  the  axis  pre¬ 
dicted  by  the  Ashkenas-Sherman  theory  and  by  DSMC 
for  Case  1. 


Fig.  5.  Flow  field  contours  of  the  ratio  of  local  to  free  Fig.  6.  Flow  field  contours  of  translational  tempera- 

stream  density  computed  using  DSMC  for  Case  1.  ture  computed  using  DSMC  for  Case  1. 
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Fig.  7.  Comparison  of  rotational  temperatures  com¬ 
puted  using  2  different  DSMC  relaxation  models  and 
experimental  data  along  the  axis  for  Case  1 . 


Fig.  9.  Comparison  of  rotational  temperatures  along 
the  aocis  obtained  experimentally  and  numericadly  for 
Case  2. 


Fig.  11.  Comparison  of  rotational  temperatures  along 
the  cixis  obtained  experimentally  and  numerically  for 
Case  4. 


Fig.  8.  Comparison  of  2  different  DSMC  rotational 
relaxation  models  for  iodine. 


Fig.  10.  Comparison  of  rotational  temperatures  along 
the  axis  obtained  experimentally  and  numerically  for 
Case  3. 


Fig.  1?.  Temperature  dependence  of  the  product  of  the 
rotational  relaxation  time  for  iodine  and  the  pressure. 


